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ABSTRACT
The potential of biomarkers to measure overall responses to dietary/environmental toxicants and 
putative protective factors has been investigated in vitro and in vivo.
In stability studies, isolated lymphocytes in phosphate-buffered saline were stable overnight at 4 °C if 
protected from light and stained lymphocytes were stable up to 120 hours in the lysing solution.
In the Comet assay, human lymphocytes in vitro showed a concentration-related response to 
hydrogen peroxide or N-methyl-nitro-iV ’-nitrosoguanidine. Caffeine did not induce DNA damage 
even after activation by Aroclor 1254-induced S9 mix but the solvents used to remove it from green 
tea (chloroform and dichloromethane) did so even without metabolic activation.
Dietary carcinogens 2-amino-3-methyl-[4,5-/]quinoline (IQ), Ochratoxin A (OTA) and mushroom 
and its metabolites were tested for genotoxicity in vitro with human lymphocytes in the Comet assay. 
A concentration-related response was associated with IQ, OTA, and raw mushroom extract. Baked 
mushroom extracts were effective only at high concentrations but the effects of agaritine did not 
reach statistical significance. 4-(Hydroxymethyl)benzenediazonium ion produced considerably more 
DNA damage than equimolar amounts of agaritine or #-acetyl-4-(hydroxymethyl)phenyl-hydrazine.
Green tea extract in vitro inhibited IQ-induced DNA damage in human lymphocytes using the Comet 
assay. Green tea flavonoids showed different efficacy against IQ genotoxicity. Caffeine-induced S9 
mix and Aroclor 1254-induced S9 mix activated IQ to a similar extent. The DNA synthesis inhibitor 
aphidicolin failed to increase the sensitivity of the Comet assay.
A preliminary in vivo study using male Wistar albino rats showed modulatory effects of green tea 
extract against IQ (1 mg/kg b.wt) in the Comet assay and TEA test. On examination of the colon no 
aberrant ciypt foci were observed. HPLC profiling showed specific peaks for green tea and IQ 
metabolites however, the IQ specific peaks were not identified in the IQ+green tea (GT) group.
In a more comprehensive study using a higher level of IQ (5 mg/kg b.wt) similar modulatory effects 
of green tea were observed in the Comet assay and TEA test. The TEA test using HPLC and 
colorimetric methods demonstrated that although the trends were similar the values were higher with 
the latter method. HPLC profiling showed chromatographic patterns similar to the trial study 
however the enzyme digestion identified conjugates especially sulphate conjugates with IQ and 
IQ+GT group. This in vivo study demonstrates that green tea (2.5 % w/v) is capable of reducing IQ- 
induced genotoxicity and lipid peroxidation when given simultaneously.
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Chapter 1 Introduction
1.1 FOOD TOXICOLOGY
The work described in this thesis is concerned with food toxicology. Food toxicology 
is the study of dietary toxins and their effects on the Irving organism “All substances 
are poisons; there is none which is not a poison. The right dose differentiates a poison 
and remedy” (Paracelsus (1493-1541)). The relationship between the dose and 
response is vital in toxicology; the response can be measured by biochemical, 
pharmacological or chemical means. The following section deals with what might 
happen to a toxic substance such as a dietary carcinogen, when it comes into contact 
with the human body. Once exposed to the chemical, the disposition of that chemical 
in a biological system may be divided into four phases: absorption, distribution, 
metabolism and excretion (Timbrell, 1989).
1.1.1 ABSORPTION
For a substance to exert a toxic effect, it must come into contact with a biological 
system The means by which contact is made, the rate and the site of absorption are 
most important factors in determining the nature and the magnitude of the effect. 
Absorption involves the passage across the cell membrane whichever site is involved. 
Membranes are composed mainly of phospholipids and proteins with the lipids 
arranged as a bilayer interspersed with proteins. Only certain substances are able to 
pass through them, depending on particular physico-chemical characteristics, such as 
size, lipid solubility, similarity to endogenous molecules and polarity/charge. The 
foreign substances may pass through the biological membranes by filtration, passive 
diffusion, active transport, facilitated diffusion and phago/pinocytosis.
There are three major sites of absorption, the skin, gastrointestinal (GI) tract, and the 
lungs. Although absorption can take place through the skin, the structure of the latter 
is such as to act as a barrier to absorption. Vapours and solvents are absorbed from 
the lungs rapidly and efficiently due to the excellent blood supply. Commonly the 
foreign substances are taken in through the diet and the GI tract is the main site of 
absorption but absorption varies along the length of the GI tract. The internal
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environment of the GI tract varies throughout its length, particularly with regard to 
the pH. Due to the changes in the pH, different substances are absorbed at different 
areas depending on their physico-chemical characteristics. The low pH suppresses the 
ionization of weak acids, which may then be absorbed from the stomach whereas 
basic compounds would be ionized and not absorbed.
1.1.2 DISTRIBUTION
Once a foreign compound has been absorbed it passes into the blood stream 
Absorption through the skin involves the peripheral blood supply and absorption 
through the lungs and GI tract involves the pulmonary circulation and portal vein 
supply to the liver respectively. The compound is diluted by the blood, then 
distributed into the tissues depending on its physico-chemical properties. Many 
foreign compounds bind non-covalently to plasma protein which limits their passage 
across the membrane by diffusion due to its large size.
1.1.3 EXCRETION
The elimination of toxic substances from the body is an important determinant of their 
biological effect. The most important route of excretion for most compounds is 
through the kidneys into the urine. Other routes of excretion includes the bile, expired 
air, milk, sweat and other fluids. Only the small, water-soluble molecules, pass from 
the blood into the urine for excretion. Large polar molecules are excreted in the bile. 
A compound (or its metabolites) excreted in the bile may further metabolised by the 
gut bacteria. This may result in reabsorbtion and hence increase the half-life and the 
duration of exposure to this particular compound.
1.1.4 METABOLISM
The chemical material that has been absorbed into a biological system may undergo 
metabolism. The metabolic fate of the compound can affect its toxic potential.
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disposition in the body and its excretion. Metabolites are produced which are more 
polar than the parent compound enabling the metabolites to be removed from the 
system at a faster rate. However in some cases metabolism increases the toxicity of a 
compound. The increase in toxicity of the metabolite may be due to: (a) interaction 
with vital cellular macromolecules, (b) impairment of cellular defence mechanisms, (c) 
interference with physiological homeostasis and (d) interaction with cellular receptors 
and impairment of cellular regulatory control. Metabolism is divided into two phases: 
Phase I and Phase n. Phase I is the alteration of the original foreign molecule and 
addition of a functional group which can then be conjugated in Phase H  Both Phase I 
and Phase II reactions play an important role in the metabolism of dietary carcinogens 
(see section 1.10) as well as in the metabolism of green tea constituents (see section 
1.9).
1.1.5 PHASE I  REACTIONS
Phase I reactions include oxidation, reduction, hydration, dehalogenation and 
hydrolysis.
OXIDATION: The oxidation reactions are most commonly catalysed by the 
cytochrome P-450 family of enzymes found in the smooth endoplasmic reticulum of 
the cell (mainly in the liver). The reaction also requires (3-nicotinamide adenine 
dinucleotide phosphate (reduced form (NADPH)), molecular oxygen and magnesium. 
REDUCTION: These reactions are catalysed by the microsomal or cytosolic 
reductases and by the gut bacteria which also possess reductases.
HYDROLYSIS: The enzymes involved in this type of reaction are found in the 
cytosol of cells in many tissues.
HYDRATION : The microsomal fraction contains the enzymes necessary for this 
reaction.
1.1.6 PHASE H REACTIONS
Phase II reactions include: sulphation, glucuronidation, glutathione conjugation, 
acétylation, amino acid conjugation and méthylation. These conjugation reactions
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involve the addition of a polar group to the molecule. The polar group makes the 
molecule more water-soluble which enables it to be cleared readily from the body. 
Some molecules, e.g. fravonols, may be conjugated two or more times. 
SULPHATION: This involves the addition of a sulphate moiety to a hydroxyl group 
and is catalysed by sulphotransferase found in the cytosol of the cells. The enzyme 
utilises the coenzyme phosphoadenosine phosphosulphate (PAPS) and the product is 
an ester which is polar and water-soluble. Aromatic groups, aliphatic hydroxyl 
groups, vV-hydroxy groups and amino groups may be conjugated with sulphate. 
GLUCURONIDATION : This is the addition of glucuronic acid (a water-soluble 
carbohydrate molecule) catalysed by glucuronoyl transferases with uridine 
diphosphate glucuronic acid as the cofactor. Glucuronic acid may be added to 
hydroxyl groups, carboxylic acid groups, amino groups and thiols.
GLUTATHIONE CONJUGATION : Glutathione, a tripeptide found mainly in the 
liver, is a scavenger of many reactive compounds. It combines at the reactive centre of 
electrophilic molecules in order to reduce or abolish toxicity. The substrates include 
aromatic, heterocyclic, alicyclic and aliphatic epoxides, aromatic halogen and nitro 
compounds and unsaturated aliphatic compounds.
ACETYLATION : The enzyme involved in this reaction is acetyltransferase which is 
found in the cytosol of the cells in the liver, gastric mucosa and white blood cells. The 
enzyme utilises acetyl Co enzyme A as a cofactor. This metabolic reaction is unusual in 
that the product may be less water-soluble than the parent compound. Substrates for 
acétylation are aromatic amino compounds, sulphonamides, hydrazines and 
hydrazides.
AMINO ACID CONJUGATION : Foreign organic acids undergo conjugation with 
amino acids such as glycine. The enzyme involved is acylase which is found in the 
mitochondria.
METHYLATION : This involves the enzyme, methyltransferase. As with acétylation 
this reaction tends to decrease rather than increase water solubility The enzyme 
utilises ,S,-adenosyl-methionine as a cofactor. The substrates for the reaction includes 
hydroxy, amino and thiol groups.
MULTIPLE CONJUGATION : For example catechin->3,3 '-dimethoxy catechin 
glucuronide sulphate, probably shows a net increase in water solubility.
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1.1.7 DEACTIVATION AND ACTIVATION
The effects of reactive intermediates such as those formed from the dietary 
carcinogens depend on the relative rates of activation and deactivation pathways (Fig. 
1.1). An efficient cellular defence is to “neutralise” the reactive intermediate (Phase II 
reactions). Saturation of deactivation pathways occurs if an individual is exposed to 
extremely high doses of chemical(s) or if an endogenous substrate utilised in 
conjugation reactions, e.g. glutathione, is deficient (loannides and Lewis, 1995).
E X C R E T I O N
^ ^ h a s e  II conjugation 
Inactive m etabolite
À
O xidation
P A R E N T  C O M P O U N D
O xidation/R eduction
V
E A C T I V E  I N T E R M E D I A T E ,
In teraction  w ith  O xygen
w ith  DNA
DNA repair
C ovalent In teraction  
w ith  Proteins DNA Dam age R eactive  OxygLen Specie:
In teraction  w ith  L ipids
T O T O
M utatiom
Prom  otion/Progression
M A L I G N A N C Y
Fig. 1.1 The metabolic activation and deactivation of chemicals (loannides and Lewis, 1995) 
1.1.8 CYTOCHROME P450 ENZYME SYSTEM
Cytochrome P450 enzymes play a crucial role in metabolising various dietary 
carcinogens (see section 1.10). The cytochrome P450-dependent mixed function 
oxidase system comprises many proteins or ‘isoforms’ each with its characteristic 
substrate specificity. Many isoforms are inducible rather than constitutive and there 
are species differences with regard to the normal complement of active isoforms. This 
may account for between-species variations in susceptibility to xenobiotics and this 
factor must be allowed for when relating animal data to human risk (Guengerich,
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1989). The CYP P450 system consists of a number of families, which will be 
introduced in the following sections.
1.1.8.1 THE CYP1 FAMILY
The unique characteristic of the CYP1 family is that it oxygenates chemicals at 
conformationally hindered positions. The reactive intermediates formed are 
inaccessible to phase II conjugation. This resistance to deactivation undoubtedly 
contributes to their genotoxicity by making the interaction with DNA more likely 
(loannnides and Lewis, 1995). As CYP 1-catalysed reactions take place both in 
humans and animals, it is appropriate to extrapolate animal data on safety evaluation 
of chemicals metabolised by the CYP1 family to humans. The structural feature of the 
substrates of this family is a planar molecule. The two proteins that make up this 
family are CYP1A1 and CYP1A2. The CYP1A1 oxidises primarily aromatic carbon 
atoms whereas CYP1A2 is more closely associated with the oxidation of exocyclic 
nitrogens.
1.1.8.2 THE CYP2 FAMILY
The CYP2 family consists of five subfamilies (A, B, C, D & E). The CYP2A 
subfamily is involved in endogenous metabolism {e.g. steroids) and its role in 
xenobiotic metabolism is very limited. The CYP2B subfamily metabolises exogenous 
chemicals and is the first P450 subfamily shown to be inducible. It accommodates 
both planar and globular molecules. This subfamily plays a minor role in xenobiotic 
metabolism and is mainly involved in the deactivation process. The CYP2C subfamily 
metabolises many non-planar molecules and plays no role in the bioactivation process. 
The characteristic CYP2D substrates possess a basic, positively charged nitrogen. So 
far this protein has not been linked to the activation of carcinogens. The CYP2E 
subfamily has the ability to metabolise small molecular weight compounds which are 
not substrates of the CYP1 family and has a high potential to generate deleterious 
reactive oxygen species (ROS). It is induced during starvation, alcohol intoxication 
and insulin-dependent diabetes. Due to its ability to form reactive oxygen species it is 
thought to play a part in the carcinogenesis process and other degenerative diseases.
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1.1.8.3 THE CYP3 FAMILY
The CYP3 family is a large family induced by a variety of agents, e.g. antibiotics. It 
has very limited role in the activation of carcinogens. The substrates of the CYP3 
family tend to be large molecular weight compounds. This family can metabolise many 
compounds without prior induction. Although it plays a small role in the activation, its 
primary role is the deactivation of chemicals.
1.L8.4 THE CYP4FAMILY
The principal function of the CYP4 family, is to metabolise endogenous substrates, 
e.g. fatty acids. This unique family has a close link with a large group of non- 
genotoxic carcinogens.
1.2 TOXICOLOGICAL STUDIES
1.2.1 ANIMAL MODELS
The deleterious effects of dietary carcinogens can be studied using both in vitro and in 
vivo models. The following section gives a brief introduction to in vivo lexicological 
studies using animals.
There are some uncertainties in extrapolating animal data to humans. This uncertainty 
can be reduced by: (1) the use of several species, (2) thorough investigation of the 
pattern and the rate of biotransformation of the chemical in these species and in 
humans, and (3) incorporating into the protocol a set of conditions that resembles, as 
closely as feasible, the human exposure situation (Lu, 1985). The chemicals that are 
generally tested in this type of study are those directly consumed by humans in their 
diet and those that are capable of causing serious irreversible toxicity.
The species, strain, age, sex, animal health, housing, metabolic similarity to man, 
number of animals to be used, the route of administration, dose, and duration, should 
be considered prior to any toxicological study. In general rats and mice are selected
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because they are economical, readily available and relatively easy to handle. A 
non-rodent is desirable if there are marked differences in biotransformation between 
rats/mice and humans. Both sexes are studied if there is a possibility of differences in 
susceptibility. To increase confidence in the results there must be a positive and 
negative control group(s). The negative control will receive no treatment and the 
positive control will receive an established carcinogen having properties known to be 
appropriate to the objective of the study.
Frequently, animal studies employ relatively large doses to “force” effects that can be 
detected easily and shown to be statistically significant. Such doses might not reflect 
‘hormal” exposure and it is inappropriate to extrapolate fiomhigh dose animal studies 
to low dose human exposure especially if there might be a no-effect threshold. Human 
populations are much more heterogeneous and variable in susceptibility than in-bred 
laboratory animals. Laboratory animals are invariably in-bred in order to reduce 
natural variability. Due to the inter-species differences it is standard practice in 
regulatory situations to use a factor of 100 when deciding risks based on animal data.
1.3 BIOMARKERS
The term ‘Biomarker’ is used in a broad sense to include almost any measurement 
reflecting an interaction between a biological system and an environmental agent, 
chemical, physical or biological. The measured response may be functional, 
physiological or biochemical either at the cellular level, or at the molecular level. 
There are three classes of Biomarkers:
(1) Biomarker of exposure: a measurement of an exogenous substance or its 
metabolite, or the product of an interaction between a xenobiotic agent and some 
target molecule or cell in an organism (Kohlmeier, 1991).
(2) Biomarker of effect: measurable biochemical, physiological, behavioural or other 
alteration within an organism that, depending upon the magnitude, can be 
recognised as associated with an established or possible health impairment or
9
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disease (Kohlmeier, 1991). It could equally be applied to study the beneficial 
effects of dietary substances.
(3) Biomarker of susceptibility: an indicator of an inherent or acquired ability of an 
organism to respond to the challenge of exposure to a specific xenobiotic 
substance (Kohlmeier, 1991).
Biomarkers provide the critical link between chemical exposure, internal dose and 
health impairment or benefit, and are of value in risk/benefit assessment (Fig. 1.2). 
However, there is a need to identify and validate for each organ system those 
characteristic parameters) that are indicative of induced dysfunction or benefit, 
clinical toxicity, or pathological change as well as to establish the specificity and 
sensitivity of each biomarker and its method of measurement.
SUSCEPTIBILITY
CLINICAL
DISEASEEXPOSURE
ALTERED
STRUCTURE/
FUNCTION
EARLY
BIOLOGICAL
EFFECT
INTERNAL DOSE
BIOLOGICALLY
EFFECTIVE
DOSE
Fig. 1.2 The relationship o f biomarkers to exposure and disease (National Research Council, 
1987).
Selection of the most appropriate biomarker is essential for the assessment of 
risk/benefit to individuals or population sub-groups with the consequent implications 
for mitigation and health protection. It is essential to avoid the use of single 
biomarkers when the health risks of a particular substance or process are unclear. A 
battery of markers selected to address different aspects of the natural history of the 
disease or to represent different parts of the exposure-disease continuum is likely to 
provide the most useful information (Schulte, 1992;95).
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One advantage of validated biomarkers is that they can be used to study human 
populations. However, the validation process will almost certainly require 
experimentation that could not be performed on human. Therefore animals must be 
used during validation and as previously stated, great care is required when 
extrapolating from the results of animal studies to the human situation. However, 
selection depends upon the state of scientific knowledge and can be influenced by 
social, ethical and cost considerations.
1.3.1 BIOMARKERS OF EXPOSURE
Exposure biomarkers measure actual exposures experienced by the individual or 
population. These provide the most direct evidence of human exposure to a given 
agent and the absorbed dose. There are two basic exposure conditions for toxic 
compounds: acute and chronic exposure. Acute exposure applies to a single episode 
where a particular amount of substance enters the organism. Chronic exposure applies 
to repeated exposures where the substance may accumulate and eventually cause a 
toxic effect.
An external dose is the amount of chemical in the environment which is in contact 
with an organism, and it is determined by monitoring the environmental level. An 
internal dose is the total amount of chemical absorbed by the organism over a time 
period and can be measured in the urine, blood or breast milk. The biologically 
effective dose is the amount of toxicant that reaches the target tissue where the health 
effect is initiated. To be biologically significant this chemical agent or its 
biotransformation products must reach the appropriate sites in the body at a 
concentration and for a length of time sufficient to produce the toxic manifestation.
Considerable efforts are being made to develop biomarkers associated with exposure 
to chemical carcinogens and to establish the relationship between a marker and the 
friture health risk.
11
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1.3.2 BIOMARKERS OF EFFECT
A marker of effect may be the concentration of an endogenous substance, or a 
measure of the functional capacity, or some other indicator of the state or balance of 
the body or organ system, as affected by the exposure. Biomarkers of effect may be 
used directly in hazard identification and dose-response assessment. Many biomarkers 
of effect are used in everyday practice to assist in clinical diagnosis. For preventative 
purposes an ideal biomarker of effect is one that measures changes that are still 
reversible. Nevertheless, certain biomarkers of non-reversible effects may still be very 
useful in epidemiological studies.
1.3.3 BIOMARKERS OF SUSCEPTIBILITY
Genetic predisposition of an individual affects the susceptibility to chemicals. External 
factors such as age, diet and health status can influence the susceptibility of an 
individual exposed to chemicals (Grandjean et al., 1994). Response to one xenobiotic 
might be further influenced by previous or simultaneous exposure to other xenobiotics 
that induce and/or tend to saturate enzyme systems responsible for activation or 
deactivation. Biomarkers of susceptibility indicate which factors may increase or 
decrease an individual’s risk of developing a toxic response following exposure to an 
environmental agent (Grandjean et a l, 1992). Hypersusceptibihty is well known but is 
an insufficiently explored phenomenon in epidemiology (Grandjean et a l, 1995).
1.4 CARCINOGENESIS AND MUTAGENESIS
Carcinogenesis is defined as the induction or enhancement of neoplasia. It is induced 
by a variety of agents. Cancer arises after a series of changes whose sequence may or 
may not be fixed. Epidemiological analyses show that 20-50 % of cancers are due to 
dietary causes. One in every three Americans living today is destined to die of cancer
12
C h a p te r  1 Introduction
(Weinstein, 1991). However, recently it has been reported that cancer death rate has 
dropped by 2.6 % between 1991 and 1995, the first sustained decline since record­
keeping began in the 1930s (Hoeksema and Law, 1996).
Carcinogen Exposure
CLINICAL
DISEASE
Fig. 1.3 Simplified model of multistage carcinogenesis, e.g. lung cancer (Harris, 
1989).
1.4.1 MODE OF ACTION
Carcinogenesis is a multistage process (Fig. 1.3). Carcinogens act either by binding 
covalently with the genetic macromolecules (genotoxic carcinogens) or by promoting 
carcinogenesis (promoters). If the carcinogen is covalently bound, then the affected 
cell may either die or revert to a normal cell through error-free DNA repair. If neither 
of these events take place the cell undergoes replication and the initiation becomes 
irreversible. The initiated cell may remain dormant for a long period of time. The 
promoters increase the effects of initiators when given subsequently. The actions of 
promoters include: (a) stimulation of cell proliferation through cytotoxic or hormonal 
effects, (b) inhibition of intercellular communication, and (c) immunosuppression (Lu, 
1985). The promoter itself is neither mutagenic nor carcinogenic, its effects are 
reversible and it needs to be applied continuously to exert a biological effect (Cohen,
13
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1987). Progression is a continued growth of a tumour, and the conversion of benign 
tumours into malignant neoplasms.
1.4.2 MUTAGENESIS
Mutagenesis is defined as an interaction between mutagenic agents and the genetic 
materials of an organism Cancer results from multiple mutations, which means that 
most if not all mutagens are carcinogens (Brody, 1994).
1.4.3 ANTI-CARCINOGENS
Vegetables and fruits are good sources of vitamins and minerals. Vitamins such as (3- 
carotene, Vitamin D, Vitamin E, Riboflavin, Vitamin B6 and Vitamin C and minerals 
such as calcium and potassium play an essential role in the protection against 
carcinogenesis. The mechanisms of the protective effect of vitamins (Fig. 1.5) in 
carcinogenesis include: (a) prevention of carcinogen formation, (b) increased 
detoxification, (c) control of transformed cell replication, (d) control of the expression 
of malignancy, (e) control of the differentiation process and (f) control of cell to cell 
communication. Other agents such as flavonoids, ellagic acid, and indoles also 
contribute to increased enzyme levels which can detoxify carcinogens and reactive 
oxygen species. Anticarcinogens should have five important qualities: few or no side 
effects, high efficacy, capability of oral administration, known mechanism of action 
and low cost (Ferguson, 1994, and references therein).
1.4.4 FREE RADICALS AND CANCER
Free radical accumulation damages the DNA, RNA, lipids and proteins and may lead 
to cancer. DNA is a potential biological target for many initiators during 
carcinogenesis. The DNA damage caused by the free radicals includes base damage, 
single-strand breaks, double-strand breaks, cross linking between DNA and
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chromosomal aberrations. Many tumour promoters act through an oxidant 
mechanism They generate oxygen radicals by direct chemical reaction or through the 
indirect activation or alteration of cellular metabolic processes. Studies have shown 
that superoxide and peroxide alone cannot oxidise DNA (Menghini, 1988, and 
references therein). The OH radical is a powerful DNA oxidant, however, the exact 
mechanism is unknown. The proposed mechanism is that the OH radical breaks the 
backbone of the DNA. Most probably the main targets are the deoxyribose sugars 
arrayed along the surface of DNA, eventually causing the backbone to break which 
results in the disintegration of the sugars (Menghini, 1988, and references therein).
1.5 THE ROLE OF REACTIVE OXYGEN SPECIES AND 
OXIDATIVE STRESS IN THE PROCESS OF CARCINOGENESIS
1.5.1 THE FREE RADICALS
In the structure of atoms and molecules, electrons usually associate in pairs, with each 
pair moving within a defined region of space around the nucleus. This space is 
referred to as an atomic or molecular orbital. Each orbital can hold a maximum of two 
electrons. A free radical (Table 1.1) is any species capable of independent existence 
that contains one or more unpaired electrons, an unpaired electron being one that is 
alone in an orbital. The most common mechanisms of generating radicals are 
homolytic cleavage [1] and transfer of an electron from one molecule to another[2]:
[1] A - B ^ A ' + B- 
fl] A + B - > A +-+B'*
Table 1.1 Examples of free radicals
Superoxide (Ta Peroxyl RO2*
Hydroxyl 'OH Alkoxyl RO*
Thiyl RS* Nitric Oxide NO*
Trichloromethyl CCl3e
15
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Free radicals are extremely reactive unless the extra electron is delocalised over 
several atoms. There are two important mechanisms of free radical-induced cell 
damage: (a) interaction of a free radical with biological structures leading to covalent 
modifications of macromolecules such as proteins and nucleic acids, and (b) 
alterations occurring due to the destruction of membrane lipids by lipid peroxidation.
1.5.2 THE REACTIVE OXYGEN SPECIES (ROS) AND OXYGEN
The term reactive oxygen species (Fig. 1.4) is a collective term not only for oxygen- 
centred free radicals but also for non-radical derivatives of oxygen, e.g. H2 O2 . Free 
radicals such as 0 * 2  and other reactive oxygen species are continuously produced in 
vivo. Although we may depend on biological oxidation as a source of energy for 
survival and activity, the action of oxygen is two-sided. The highly reactive oxygen 
species can cause fimctional damage to man, e.g. carcinogenesis (Namiki, 1990). 
Aerobic cells are capable of reducing oxygen to water without the formation of 
intermediates and the enzyme responsible for this is copper-containing cytochrome 
oxidase.
A '  or pr
Fig. 1.4 Formation of oxygen radicals during reduction of oxygen by four sequential 
electron transfer steps (Dargel, 1992).
1.5.3 SINGLET OXYGEN
Singlet oxygen is produced when energy absorbed by the oxygen molecule causes 
electron rearrangement. When certain compounds are illuminated in the presence of 
oxygen, they absorb the light, enter a higher electronic-excitation state, and transfer
0 ► H2o + o ir ►  2H20
H+ +Û2- + HO, I f  + QH-
16
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the excess energy to oxygen converting it into the singlet state, e.g. during lipid 
peroxidation.
1.5.4 RADICALS AND NON-RADICALS
1.5.4.1 HYDROXYL {'OH) RADICAL
"OH radical is produced in the living organism by four mechanisms: (a) reaction of 
transition metal ions with hydrogen peroxide (Fenton reaction [3&4]) (Halliwell, 
1993 -94 and references therein)
[3] Fe(H) + H2O2 -> *OH + OH + Fe(m)
[4] Fe(II) + H2O2 FeOH3+ (or Fe02+) -► *OH + Fe(m)
and (b) by homolytic fission of water because of exposure to ionising radiation, (c) 
decomposition of peroxynitrite, and (d) through the Haber-Weiss reaction [5] 
(Halliwell, 1993-94 and references therein).
[5] H2O2 + 0*"2 —» OH + *OH+ 0 2
"OH is a very reactive species that can attack many biological molecules, usually 
setting off free radical chain reactions, e.g. lipid peroxidation.
1.5.4.2 SUPEROXIDE (0"2) RADICAL
Superoxide is produced [6] by: (a) chemical accident due to autoxidation where 
compounds like ascorbic acid react with oxygen to form 0*'2, (b) ‘leakage” of an 
electron fiom the mitochondrial electron transport chain onto oxygen, and (c) 
deliberately, e.g. activated phagocytes release Oe*2 in order to kill several bacteria and 
fimgal strains (Halliwell, 1993 ;94 and references therein). The superoxide (0*'2) is 
produced in vivo by several cell types other than the phagocytes, including 
lymphocytes, fibroblasts and vascular endothelial cells. Such 0* 2 may get involved in 
intracellular signalling and cell growth regulation.
[6] H0*2 -» H* + 0 2*'
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L5.4.3 NITRIC OXIDE (NO') RADICAL
NO* is produced from arginine by nitric oxide synthases in the vascular endothelium 
It is an important mediator of vascular responses and is induced by several 
pharmocological agents (Araoma, 1994). Vascular endothelial cells that line the blood 
vessels also seem to produce small amounts of 0* 2 Superoxide combines with NO* 
to form peroxynitrite which may decompose into toxic species such as "OH, N0*2? 
N 02+. Nitric oxide is a vasodilator and the ability of superoxide to remove it can 
produce vasoconstrictor effects.
1 5.4.4 HYDROPEROXY RADICAL
H0*2 converts lipid peroxides into peroxyl radicals (ROO*) which then attack other 
poly-unsaturated fatty acids (PUFA) and propagate the reaction [7&8]. However, 
there is no evidence that HO*2per se exerts any damage in vivo (Halliwell et al., 1995 
and references therein).
[7] 0 2 +  e +  i f  —> H0*2
[8] H0*2 + L-OOH -» H2O2 + L 02*
1.5.4.5 HYPOCHLOROUS ACID (HOCL)
H0C1 is not a free radical but it is a potent chlorinating and oxidising agent which 
attacks primary amines and sulphydryl (SH) groups in proteins and may chlorinate 
purine bases in the DNA.
1.5.4.6 HYDROGEN PEROXIDE (H20 2)
Hydrogen peroxide is produced [9] in vivo by several oxidase enzymes such as 
glycolate oxidase, xanthine oxidase, and D -amino acid oxidase (Halliwell et a l, 1995 
and references therein). H2O2 can cross cell membranes easily and it can attack 
cellular targets directly. It can also act as a metabolic signal under certain 
circumstances possibly by oxidising specific protein thiol groups and triggering 
intracellular events (Halliwell, 1993 and references therein). Hydrogen peroxide and 
superoxide have limited reactivity but are capable of reacting with transition metal
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ions to form the hydroxyl radical [3&4 ]. H2 O2 is used by the enzyme thyroid 
peroxidase to make thyroid hormones, thus reducing the H2O2 levels present within 
the cells. H2O2 genotoxicity is most probably mediated by *OH radicals targeted to the 
DNA by DNA-bound transition metals (Joenje, 1989).
[9] O2" + + e ^  H2O2
1.5.5 ENZYMES INVOLVED IN PROTECTING THE CELLS AGAINST 
OXIDATIVE DAMAGE
1.5.5.1 SUPEROXIDE DISMUTASE (SOD)
SOD, first discovered by McCord and Fridovich in 1969, removes excess superoxide 
and acts as an antioxidant defence mechanism in aerobic organisms. An excess of the 
enzyme SOD can be deleterious (Halliwell, 1993 and references therein). SOD 
converts superoxide into oxygen and hydrogen peroxide. Human cells have SOD 
which contains manganese at its active site (Mn SOD) in the mitochondria and SOD 
with copper and zinc at the active site (Cu, Zn SOD) present largely in the cytosol.
L5.5.2 CATALASE
Catalase, named by Loew in 1901 (Halliwell, 1993 and references therein), is present 
in the peroxisomes and is active in converting hydrogen peroxide into oxygen and 
water [10].
[10] 2 H2O2 —> 2H20  + 0 2
Most cells contain this enzyme but it is especially concentrated in the liver and 
erythrocytes. The majority is present in the peroxisome (80 %) and some in the 
cytosol (20 %). Catalase has four protein subunits, each containing a haem group 
bound to its active site.
1.5.5.3 GLUTATHIONE PEROXIDASES (GSHPX)
GSHPX, first described by Mills in 1957 (Halliwell, 1993 and references therein), 
requires selenium for its action. It is an important enzyme removing hydrogen 
peroxide in human cells and is found in both cytosol and mitochondria. GSHPX
19
Chapter 1 Introduction
removes hydrogen peroxide by using it to oxidise reduced glutathione (GSH). 
Oxidation of GSH results in oxidized glutathione (GSSG). Glutathione reductase 
(FAD-containing enzyme) regenerates GSH from GSSG with NADPH as a source of 
reducing power (Halliwell et a l, 1995 and references therein).
1.6 LIPID PEROXIDATION
Reactive oxygen species generated by various dietary carcinogens are capable of 
damaging many macromolecules. The biomarkers commonly used in humans and 
animals to assess free radical damage are the products of lipid peroxidation.
The hydrogen atom with one proton and single electron qualifies as a radical (IT). 
The initial step in lipid peroxidation involves hydrogen abstraction which can be 
initiated by any species of sufficient reactivity, e.g. *OH (Halliwell and Chinco, 1993). 
Hence, removal of a hydrogen atom from a biological molecule leaves behind an 
unpaired electron on the atom to which the hydrogen was originally attached [13]. 
The polyunsaturated fatty acids are more susceptible to lipid peroxidation than 
saturated or monounsaturated fatty acids. Following hydrogen abstraction molecular 
rearrangement occurs to form a conjugated diene. In the presence of a good hydrogen 
donor, e.g. PUFA the peroxy radical [14] can abstract a hydrogen atom to form a 
lipid hydroperoxide and another carbon-centred free radical. This is known as the 
propagation reaction of lipid peroxidation [15].
Initiation:
[13] RH+ 0 2 -» R*+ *OOH
[14] R*+ 0 2 -» ROO*
Propagation:
[15] ROO* + RH -» -ROOH + R*
The carbon-centred lipid radicals have many fates. In aerobic cells they may undergo 
molecular rearrangements, followed by reactions with oxygen to give peroxyl radical 
[14]. The peroxyl radicals can: (a) combine with each other, (b) attack membrane 
proteins, or (c) abstract hydrogen from adjacent fatty acid chains and so propagate the
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chain reaction of lipid peroxidation. The length of the propagation period depends on 
the lipid-protein ratio in a membrane, fatty acid concentration, oxygen concentration 
and the presence of antioxidants. A single initiation event can result in the conversion 
of many fatty acid side chains into lipid hydroperoxides. Lipid peroxidation is often a 
late event accompanying, rather than causing, final cell death. By detecting the end 
products of lipid peroxidation it is possible to assess the effects of free radicals in 
human disease or tissue injury by toxins (refer to TEA test in section 1.13). Lipid 
peroxidation in biological membranes causes impairment of the membrane function, 
changes in fluidity, inactivation of membrane-bound receptor enzymes and increased 
non-specific permeability to calcium ions.
1.7 OXIDATIVE STRESS
The damage caused by oxidative stress depends on the degree of stress, by what 
mechanism it was imposed, for how long, and the nature of the system stressed. The 
balance between antioxidants and pro-oxidants in the human body may always be 
tipped slightly in favour of the latter because there is good evidence for ongoing 
oxidative damage in the human body. Some examples of the cause of oxidative stress 
are malnutrition, metabolism of drugs, toxins and smoking. In most human disease 
oxidative stress is a secondary phenomenon, a consequence of disease activity. 
However, this does not mean that it is not important (Halliwell, 1995).
1.8 ANTIOXIDANT DEFENCE
An antioxidant is a substance which, when present at low concentrations compared 
with those of the oxidizable substrate, considerably delays or inhibits oxidation of the 
substrate. Antioxidants may act at several different stages in an oxidative sequence as 
illustrated (Fig. 1.5): when (a) removing oxygen or decreasing local oxygen 
concentrations, (b) removing catalytic metal ions, (c) removing key reactive oxygen 
species such as superoxide and hydrogen peroxide, (d) scavenging initiating ffee 
radicals such as hydroxyl, alkoxyl and peroxyl species, (e) breaking the chain of an
21
Chapter 1 Introduction
initiated sequence, or (f) quenching or scavenging singlet oxygen. Antioxidant defence 
can never be 100 % effective.
Many phenols including flavonoids are described as antioxidants. However, these 
compounds may also be prooxidants. This requires the binding of transition metal ions 
which redox cycle to produce hydrogen peroxide and superoxide which in turn attack 
other substrates including DNA and protein. Hence the biological significance of 
dietary phenols needs further study before it is possible to judge whether they are 
protective or pathological agents.
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reductase NADPHTissue damage
H2O9 + 0.502
Hyporchlorous acid
GSH Se
Glutathione
Peroxidase
GSSG
Tissue dam age^  Cl" 
SH group >
Catalase
Normal metabolic 
processes
SOD'
Normal metabolic 
processes
Lipid hydroperoxides■>■ Polyunsaturated 
fatty acid
O H
p-carotene Tissue Damage
a —tocopherol a —tocopherol
OH
Damage to protein, 
carbohydrate, DNA etc. O"
p_carotenoid
radical
Dehydroascorbic 
acid v
Ascorbate
Fig. 1.5 Some inter-relationships between antioxidants (courtesy o f Dr R. J. Ward. Arouma,
1994).
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1.9 GREEN TEA AND FLAVONOIDS
This section deals with green tea and flavonoids as dietary antioxidant defences 
against toxic substances such as dietary carcinogens.
A Chinese legend situates the introduction of tea drinking in the region of the 
mythological emperor Shen Nung in about 2737 BC, but the earliest credible mention 
is from 350 AD. Tea is grown in over 30 countries world-wide. It is the most 
commonly consumed beverage apart from water. Approximately 2.5 million metric 
tons of dried tea are manufactured per annum world-wide of which only 20 % is green 
tea. Green tea is commonly consumed in China, Japan, North Africa and Middle East. 
The composition of green tea is very similar to fresh leaf except for the products of a 
few enzymically catalysed reactions that take place rapidly after plucking. There are 
two varieties of tea plant: (a) Camellia sinensis v sinensis and (b) v assamica. The 
most commonly used variety for green tea production is v sinensis. The composition 
of tea varies with climate, season, horticulture practices, variety and the age of the 
leaf. There are three main classes of processed tea; fermented, semifermented and 
unfermented. The polyphenols in fresh leaf consist of four main classes: flavanols or 
catechins (e.g. (+)-catechin, (-)-epicatechin [EC], (+)-gallocatechin [GC], (-)- 
epigallocatechin [EGC], (-)-epicatechingallate [ECG], and (-)-epigallocatechingallate 
[EGCG]) (see Table 1.2 for the content of these flavanols in fresh leaf), flavonols (e.g. 
glycosides of quercetin, myricetin, kaempferol); pro-cyanidins/pro-delphinidins and 
phenolic acids (e.g. gallic acid, ellagic acid, theogallin and other chlorogenic acids) 
(Fig 1.6). It is thought that the popularity of tea is partly due to the presence of a 
moderate amount of caffeine (2.5-4.5 %) (Graham, 1992).
Table 1.2. Principal fresh leaf flavanols measured in % dry weight (Graham, 1992)
(+)-Catechin 1-2 (+)-Gallocatechin 1-3
(—)-Epicatechin 1-3 (—)-Epigallocatechin 3-6
(—)-Epicatechingallate 3-6 (-)-Epigallocatechin gallate 7-13
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1.9.1 COMPOSITION OF GREEN TEA
The composition of green tea is given in Table 1.3 (Graham, 1992).
Flavanols 30-42 Other organic acids 4-5
Flavonols 5-10 Theanine 4-6
Other flavonoids 2-4 Other amino acids 4-6
Theogallin 2-3 Methylxanthines 7-9
Other depsides 1 Carbohydrates 10-15
Ascorbic acid 1-2 Minerals 6-8
Gallic acid 0.5 Volatiles 0.02
Quinic acid 2
Green tea is relatively rich in potassium, calcium, magnesium and fluoride and 
accumulates aluminium and manganese. The mineral composition may vary depending 
on the soil conditions. During the manufacture of green tea it is essential to preserve 
the flavanols in the leaf by inhibiting polyphenol oxidase. Different types of 
manufacture may alter the composition of the final product. In this study, Chinese 
green tea (Gun powder) was used. Chinese green tea is commonly produced by rapid 
pan firing or roasting followed by twisting and drying. Careftd manufacture results in 
a light yellow-green infusion exhibiting virtually no flavanol oxidation.
1.9.2 THE FLAVONOIDS
Flavonoids have a characteristic C6-C3-C6 carbon skeleton consisting of two 
aromatic rings linked by an aliphatic three carbon chain (Fig 1.6). The term flavonoids 
implies to the organic chemist a compound containing a carbonyl group. Very often 
the term has been used to encompass structurally-related compounds lacking a 
carbonyl group and varying in certain other respects, e.g. saturation/unsaturation of 
ring C. In many cases it is not possible to decide exactly how other authors have used 
the term and it is not possible to adjust the terminology when citing their work. In this 
thesis the term “flavonoids” will be used in an all-embracing sense. Flavonoids are 
naturally occurring benzo-y-pyrone derivatives which have been reported to have
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many physiological functions (Hara, 1994) and it is only possible to discuss a few of 
these. Flavonoids are categorised into flavonols, Eavones, flavanols, flavanones and 
anthocyanidins. Flavanol concentration depends on the age and the variety of the leaf. 
Flavanols are colourless, bitter, astringent, water-soluble and readily oxidizable 
compounds. EGCG is present at high concentrations in the leaf bud and the first leaf. 
Flavonols, as glycosides, are present in lesser amounts and there are traces of flavone- 
C- glycosides. These compounds are comparatively stable during leaf processing.
Kuhnau estimated the intake of flavonoids to be 1 g/day, based on an average 
American diet and from food analyses using techniques of doubtfid accuracy (Hertog 
et al., 1993 and references therein). A study in Netherlands estimated the average 
intake of all flavonols and flavones to be 23 mg/day expressed as aglycones and 
emphasised that it was higher in vegetarians, non-smokers and marginally higher in 
females. It was also evident from this study that most of the selected flavonoids 
consumed were from the consumption of black tea, onions and apples (Hertog et al,
1993).
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Fig 1.6 Structures of various flavanols with specific reference to those present in 
green tea.
1.9.3 ANTI-TUMOROGENIC EFFECT OF GREEN TEA AND FLAVONOIDS
1.9.3.1 SKIN TUMOUR
Green tea and its components have been shown to protect against skin cancer in a 
number of in vivo and in vitro studies. Two-stage carcinogenesis study with SENCAR 
mice given a topical application of GTP (50 mg in acetone/day per mouse) for 7 days, 
prior to treatment with 7,12-dimethylbenz(a)-anthracene (DMBA) followed by twice- 
weekly application of 12-O-tetradecanoylphorbol-13-acetate (TPA) as a promoter
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showed a significant protection against skin tumours. When the treated group was 
compared with the control group there was a considerable delay in the onset of the 
first tumour, tumour growth and tumour multiplicity (Mukhtar et a l, 1994 and 
references therein). DMBA-induced skin tumours were significantly reduced by prior 
treatment with EGCG present in GTP at 1.25 mg/ml (in acetone) per animal for 7 
days (Mukhtar et a l, 1994 and references therein). EGCG has also been shown to 
have a protective effect against tumour promotion by teleocidin (FujiM et a l, 1992).
Oral feeding of GTP (0.1 % w/v) in drinking water to SKH-1 hairless mice exposed 
to UVB-radiation-induced-photocarcinogenesis resulted in a significant reduction in 
skin tumour induction compared with the control group (no GTP) (Mukhtar et al, 
1994 and references therein; Wang et a l, 1994). Conney et al (1992) observed a 
dose-dependent protective effect of GTE (1.25 % w/v) given in drinking water to 
SKH-1 hairless mice exposed to UVB-induced skin tumours using TPA as a 
promoter. A recent study by Katiyar et al (1997) further established that the GTP 
may be highly useful in affording protection against skin cancer.
L9.3.2 LUNG AND FORESTOMACH CANCER
A/J mice given GTE (1.2 % w/v) in drinking water treated with benzo(a)pyrene (BP) 
and 7V-nitrosodiethylamine (DEN) for a period of 33 weeks showed a reduction in 
both lung and forestomach tumours, by 55 and 70 % respectively (Mukhtar et al, 
1994 and references therein). An ability to reduce tumour incidence was further 
supported by another study in which GTE in drinking water was given at 2.5 % w/v 
to A/J mice that were also exposed to BP (Mukhtar et a l, 1994 and references 
therein).
1.9.3.3 OTHER TUMOURS
When C57BL/6 mice were exposed to N-ethyl-# -nitrosoguanidine (ENNG) it 
induced tumours in the duodenum which were significantly reduced by the
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consumption of EGCG (0.005 % w/v) (Mukhtar et al.9 1994 and references therein). 
Oral feeding of GTE at 2.0 % w/v to Wistar rats while on treatment with TV-nitroso- 
methylbenzylamine (NMBzA) produced fewer and much smaller tumours compared 
with the control group (no GTE) (Chen, 1992). When GTE is given in drinking water 
(0.01 % or 0.1 % w/v) to Fisher rats challenged with azoxymethane (AOM), it 
significantly reduced AOM-induced colon cancer compared with the control group 
(no GTP) (Yamane et a l, 1995;1996). They also observed a reduction in duodenal, 
gastric and colon tumour formation with 0.05 % w/v EGCG when Fisher rats were 
challenged with ENNG, AOM and Y-methyl-vV -nitro-A-nitro soguanidin e (MNNG) 
respectively.
1.9.4 ANTI-MUTAGENICITY OF GREEN TEA AND FLAVONOIDS
Green tea polyphenols (GTP) and green tea extract (GTE) inhibited the mutagenicity 
of BP, Aflatoxin B (AFB), and 2-aminofiuorene in Salmonella typhimurium TA98 
and TA100 with metabolic activation (Mukhtar et al., 1994 and references therein). 
Similar results were obtained using sister-chromatid exchange with V79 cells as the 
biological endpoint. Jain et al. (1989) showed that GTE inhibited the mutagenicity of 
the direct acting carcinogen MNNG and suggested that habitual drinking of green tea 
prevents MNNG-induced mutagenicity. Simultaneous intake of tea with food 
products that are nitrosated within the stomach of human subjects should exert a 
protective beneficial effect (Stich, 1992). Yen et al. (1994) suggested the 
antimutagenic effect was greater in semifermented tea (oolong tea) than nonfermented 
(green tea) and fermented tea (black tea) in the Ames mutagenicity assay.
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1.9.5 MECHANISTIC STUDIES
L9.5.1 THE MODULATION OF CARCINOGEN-DNA BINDING BY GREEN TEA 
EXTRACTS
Anticarcinogens are substances that can inhibit carcinogenesis by: (a) modifying the 
cellular metabolism of pro-carcinogens (b) increasing the detoxification of 
carcinogens and/or their metabolites, and (c) blocking the interaction of ultimate 
carcinogen with cellular DNA. (-)-Epicatechin present in green tea (GT) is capable of 
inhibiting CYP P450 activities. This is probably due to the hydroxyl groups attached 
to the flavanol skeleton. The inhibition of CYP P450 reduces the formation of the 
ultimate carcinogens, resulting in less DNA binding in critical target sites. Studies on 
SENCAR mice exposed to [3H]BP or [3H]DMBA revealed a significant decrease in 
the binding of these carcinogenic agents to the epidermal DNA when GTP was given 
either in drinking water (0.5 g/htre w/v) or by topical application (50 mg/ml (in 
acetone) per animal/day) (Mukhtar et a l, 1994 and references therein). A topical 
application of EGCG on mouse skin may block the binding of [3H]-TPA and 3H- 
okadaic acid to their receptors a phenomenon which is known as the “sealing effect” 
thus preventing the growth of cancer cells (Komori et a l, 1993).
1.9.5.2 INTERACTION OF COMPONENTS OF GREEN TEA EXTRACTS WITH 
CYTOCHROME P450
F-344 rats given green tea at 2 % (w/v) as drinking fluid for 6 weeks showed 
increased activity of CYP1A1, 1A2, and 2B1 but not 2E1 and 3A4. The activity of 
UDP-ghicuronyltransferase increased unlike that of glutathione-zS'-transferase (Sohn et 
a l, 1994). An in vitro study of the S9 liver fraction obtained from F-344 rats treated 
with green tea resulted in increased mutagenicity of 2-amino-3-methylimidazo[4,5- 
/ ] quinoline (IQ) (Sohn et a l, 1994 and references therein). Bu-Abbas showed that 
exposure of rats to green tea caused: (a) a selective increase in CYP4A and CYP1A 
(closely associated with bioactivation of chemical carcinogens), and (b) peroxisomal 
proliferation (postulated mechanism of epigenetic carcinogenesis at least in rodents) 
(Bu-Abbas et a l, 1994). Green tea extract suppressed the mutagenicity of the Araclor 
1254-hepatic S9-mediated mutagenicity of heterocyclic amines (IQ) (Bu-Abbas et a l.
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1994). The mechanism of action is possibly: (a) the interaction between the reactive 
genotoxic species of various promutagens and nucleophilic tea components) present 
in the aqueous extract, or (b) the inhibition of cytochrome P450 activity, partly due to 
the impairment of the electron flow from NADPH to the cytochrome (Bu-Abbas et 
al., 1994). IQ mutagenicity was inhibited by tea polyphenols in the Salmonella 
typhimurium mutagenicity assay (TA98, TA100 and TA1535) in the presence of an 
induced rat liver S9 fraction (Alldrick et al., 1986; Edenharder et al., 1993; Kato et 
a l, 1996; Stavric et a l, 1996; Weisburger et a l, 1994:1996). (+)-Catechin inhibits 
the mutagenicity of aromatic amines in the Ames test by specific inhibition of the 
NADPH-dependent reduction of Cytochrome C but this action is unlikely to occur in 
vivo as such high doses of flavonoids cannot be achieved (Steele et a l, 1985).
1.9.5.3 ANTIOXIDANT ACTIVITY OF COMPONENTS OF GREEN TEA 
EXTRACTS
Many xenobiotics and/or their metabolites act through the generation of reactive 
oxygen species which are thought to be genotoxic and may further generate genotoxic 
radicals. Toumaire et al. (1993) showed that quenching of singlet oxygen by flavanols 
is mainly dependent on them possessing a 1,2-dihydroxyphenyl B-ring. However, a 3- 
hydroxyl and C2 -» C3 double bond are required for chemical interaction with singlet 
oxygen. The ability to scavenge hydroxyl radical is directly related to the number of 
hydroxyls in the B-ring, with that at position 3’ being particularly important. 
Flavonoids also scavenge peroxy radicals but the structure-activity relationships 
appear to be rather complex. But the ability to scavenge peroxy radicals depends on 
the nature of the fatty acid as well as the flavonoid. Addition of GTP to the solution 
of perylene free radical resulted in a dose-dependent decrease in radical as detected by 
electron spin resonance spectroscopy. The effects are greater with EGCG (2 pM) than 
with GTP (42 pM) (Mukhtar et a l, 1992). Salah et al. (1995) suggested that, 
depending on their precise structures the polyphenols act as hydrogen-donating 
antioxidants and as chelators of metal ions (Brune, 1989). The o-dihydroxy 
substitution is essential for metal chelation and to stabilise the resulting free radicals. 
The antioxidant potential of green tea components against radicals generated in the 
aqueous phase decreases in the order of: ECG > EGCG > EGC > GA > EC ~ C. Xie
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et al (1993) rated the antioxidant potential of green tea components to be EGCG > 
EGC > ECG > EC in a lipoxygenase activity inhibition assay and the same order on a 
molarity basis was obtained by Hara (1994). Green tea at moderate doses showed an 
in vivo antioxidant activity in female Wistar Hooded rats possibly due to the 
interaction between the green tea flavanols and supplemented vitamin E (Quartley et 
al., 1994). EGCG suppressed the direct mutagenicity of 2-hydroxyamino-6- 
methylpyrido[l,2-a:3',2'-d]imidazole (Glu-p-l(NHOH)) in Salmonella typhimurium 
TA98, probably by acting as a scavenger of reactive oxygen radicals generated by the 
mutagen (Hay at su, 1992). EGCG was also effective in diminishing the lethal DNA 
damage caused by 3-hydroxy amino-1 -methyl- 5 H-pyrido- [4,3-b]indole (Try-P- 
l(NHOH)) in the Drosophila mutation assay (Hayatsu et al., 1992). The scavenging 
effect of tea extracts decreased in the order of semifermented tea > nonfermented tea 
> fermented tea when exposed to radicals (Yen and Chen, 1995). Rutin was the most 
efficient of several flavonoids tested in inhibiting lipid peroxidation of mouse liver 
homogenate. It is believed the 3',4'-diphenolic group was required for flavonoids to 
be effective free radical scavengers (Yuting et a l, 1990).
Ornithine decarboxylase (ODC) is a rate limiting enzyme in polyamine biosynthesis, 
which is essential for cell proliferation and differentiation. ODC, cycloxygenase, and 
lipoxygenase activity are indicators of tumour-promoting activities as several 
inhibitors of these enzymes prevent tumour formation (Mukhtar et a l, 1994 and 
references therein). A topical application of GTP on SENCAR mice skin inhibited 
TPA-induced epidermal ODC activity in a do se-dependent manner. GTP given to 
SENCAR mice treated with TPA caused induction of ODC activity (Katiyar et al.,
1992). Topical application of TPA resulted in a 20-40 % decrease in glutathione 
peroxidase activity. A similar effect was also seen with the single or multiple 
application of TPA which also reduced the catalase activity. Carcinogens and/or their 
metabolites are formed by phase I reaction which is catalysed by CYP P450 and 
removed by phase II reactions from the cell by their conjugation with reduced 
glutathione catalysed by GSHT (Khan et al., 1992). The four possible antioxidant 
mechanisms of flavonoids include (a) stimulation of glutathione-metabolising enzyme,
31
Chapter 1 Introduction
(b) inhibition of radical-generating enzymes, (c) chelation of endogenous redoxactive 
metal ions, and (d) scavenging and/or quenching of various radicals.
1.9.6 METABOLISM OF COMPONENTS OF GREEN TEA EXTRACTS
Very few data are available in the literature regarding the fate of plant phenols in 
animals and man. Flavonoids are absorbed from the duodenum and a major portion of 
the flavonoids are metabolised by the micro-organisms to their aglycones and sugar. 
The aglycones are further degraded by several microbial activities such as ring 
cleavage to phenolic acids or their lactones, déméthylation, aromatic dehydroxylation, 
and decarboxylation. The aglycones or their degradation products can also partly 
cross the intestinal wall as the glucosidase action proceeds more rapidly than the ring 
cleavage of the free flavonoids in the large bowel (Hackett, 1986). The glycosides are 
cleaved in the intestine by relatively non-specific glycosidases, since the hydrolysis of 
the sugar side chains has been reported from several sites on the flavonoid molecule 
(Hackett et al., 1986). The cleavage of the dietary flavonoid aglycones by bacteria is 
governed by the degree of hydroxylation of the flavonoid molecule. The destruction 
of the flavone nucleus is favoured by the presence of hydroxy groups in positions C5-, 
C7-, and/or C4 (Fig. 1.6). Lack of one or more of these hydroxyl groups increases 
the absorbability. However, (+)-catechin, which contains all these hydroxy groups, 
showed extensive absorption (Strube, 1993 and references therein).
Flavanols are bound by protein and are carried into faeces to prevent their toxic 
effects when consumed in great quantities. Often these complexes are difficult to 
break down hence they pass into the faeces. Two conjugates of catechin were found 
in the urine and faeces of germ-free rats, but not in normal rats. This indicates that in 
normal animals breakdown of the conjugates reaches the faeces via the bile (He et al., 
1994 and references therein). Meselhy et al. (1997) studied the biotransformation of 
(-)-epicatechin-3-0-gallate and related compounds using a human faecal suspension. 
It was shown that (-)-Epicatechin, (-)-epigallocatechin and their 3-O-gallates were 
extensively metabolized by a human faecal suspension after incubation for 24 hr, 
whereas the gallates resisted any degradation by a rat faecal suspension, even after a
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prolonged incubation time (48 hr), suggesting a difference in metabolic ability 
between two intestinal bacterial mixtures from different species.
In another study on humans receiving an oral dose of catechin (4.2 g), the metabolites 
were found to be 3-hydroxyphenylpropionic acid, 3,4-dihydroxyphenyl-valerolactone 
and 3-hydroxyphenyl-valerolactone, as sulphate and glucuronide conjugates. A mean 
of 55 % of the dose was excreted in the urine within 72 hr after administration of 
which 0.1-1.4 % was excreted in the unchanged form and 75 % was in the 
conjugated form (He et al., 1994 and references therein). In another study in which 
[U 14C]-(+)-catechin (40 mg/kg, 2 pCi) was fed to rats and major metabolites were 
identified. They were (+)-catechin glucuronide, 3'-(9-methyl (+)-catechin glucuronide 
and 3'-O-methyl (+)-catechin sulphate. Excretion in the urine was predominantly of 
glucuronides in the first six hours but mainly the sulphates from 6 to 24 hours. At 24 
to 72 hours, small amounts of ring fission metabolites of the gut flora (3- 
hydroxyphenyl propionic acid, 3-hydroxyhippuric acid, and 8-(hydroxyphenyl)-y- 
valero-lactones) were detected in the urine. Only small amounts of untransformed (+)- 
catechin (1.14 % of the dose) and of unconjugated 3'-O-methyl (+)-catechin (3.4 % 
of the dose) were detected in the urine. Das (1971) established that large doses of (+)- 
catechin (80-93 mg/kg) given orally in gelatin capsules in man resulted in rapid 
absorption and elimination within 24 hours. Eleven metabolites were detected in the 
urine including various aglycones and their glucuronides and ethereal sulphate 
conjugates. Shaw and Griffiths (1980) reported that rats given [U 14C]-(+)-catechin (1 
pCi) excreted 40 % of the radioactivity in the urine and approximately 55 % in the 
bile. Six biliary metabolites were identified, the predominant metabolite being 3'-0- 
methyl(+)-catechin glucuronide (33 %). Urine concentrations of fiavanol metabolites 
may approach 10 pg/ml (Meselhy et al., 1997). It is possible that some of these 
metabolites might be physiologically active but this has not been investigated. The 
exact position at which the sulphates and glucuronides are attached to ftavonoids 
needs to be elucidated. The precise disposition of the ftavonoids and their metabolites 
remains unknown.
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Unno and Takeo (1995) reported that treatment of rats given EGCG orally (50 mg in 
2 ml of water) showed a rapid increase in plasma concentrations after dosing. Plasma 
concentrations reached a maximum after about 1 hour then declined at two hours and 
became undetectable after 4 hours. Four volunteers ingested 1.2 g of decaffeinated 
green tea and analysis of plasma samples showed that EGO was mostly in the 
glucuronide form followed by sulphate and the free form Two thirds of EC was in the 
form of sulphate and one third in the glucuronide form with none in the free state; 
EGCG was mostly in the sulphate form followed by the free and glucuronide forms; 
but ECG was not detected in the plasma (detection limit 1.0 ng/ml) (Lee et a l, 1995).
1.10 DIETARY CARCINOGENS AND MUTAGENS
The human diet contains carcinogens and mutagens. These carcinogens/mutagens 
could be (a) compounds present naturally, (b) intentionally added to the food, (c) 
generated through the cooking process, or (d) generated through storage or 
contamination from packaging. The diet may affect the toxicity of chemicals by: (1) 
modifying intestinal absorption of toxicants, (2) affecting metabolic detoxication and 
activation, (3) decreasing the availability of precursors for conjugation, and (4) 
modulation of cytochrome P450 (Netter, 1993). It has been calculated that about 30- 
40 % of premature deaths, due to cancer are associated with nutritional traditions 
(Weisburger, 1994).
1.10.1 2-AMINO-3-METHYL1MIDAZO [4,5-/] QUINOLINE (IQ)
In 1939, Widmark reported that repeated application of organic solvent extract of 
broiled horse meat to mouse skin caused neoplasms (Sugimura et a l, 1993 and 
references therein). Almost 35 years later, Sugimura suggested that smoke from 
cooked food may contain mutagens and carcinogens and this led to the discovery of 
various heterocyclic aromatic amines (HAA) present in cooked food (Sugimura et a l,
1993). Three types of carcinogens are formed during cooking: HAA, polycyclic 
aromatic hydrocarbons (PAH) and nitrosocompounds. Cooking of proteinaceous food
34
Chapter 1 Introduction
results in the formation of carcinogenic heterocyclic amines. In model studies IQ is 
formed by heating a mixture of creatinine (tissue for energy storage), glycine and 
fructose.
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Fig 1.7 Suggested pathway for the formation of IQ (Jagerstad et al. 1983a in Skog et 
al 1995) IQ X=H, Y=H, Z=CH, R=H, Me=CH3
It is beheved that the Maillard reaction plays an important role in the formation of 
HAA (Fig 1.7). Jagerstad and co-workers have suggested that the aminoimidazole 
moiety of an IQ molecule is formed from the creatine by cyclisation to creatinine with 
elimination of water. The remainder of the molecule comes from pyridines and 
pyrazines formed in the Maillard reaction between hexose and amino acids (Strecker 
degradation). An aldol condensation links the two parts by a Strecker aldehyde. An 
alternative origin may be initial aldol condensation of creatine with formaldehyde and 
acetaldehyde followed by the conjugation of pyridine and pyrazine (Bamat et a l, 
1996 and references therein). The HAA have a planar structure and intercalate 
between base pairs of the DNA. The caramelization of sugars, the brown material on 
bread crusts, oven cooked biscuits and toasted bread all contain a large variety of 
DNA-damaging agents and presumptive carcinogens (Ames, 1983 and references 
therein).
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1.10.2 FACTORS AFFECTING MUTAGEN FORMATION
Cooking temperature is the most important factor in the formation of the food 
mutagen IQ. Only minute amounts of mutagenic compounds are formed at cooking 
temperatures below 150 °C, but high mutagenic activity is found in meat cooked at 
250 °C. There was a five fold increase in the mutagenicity when the temperature was 
raised from 200 ° to 300 °C (Kleman and Overvik, 1995 and references therein). 
Frying, broiling and barbecuing generate substantial amounts of mutagens compared 
with stewing, steaming, poaching, boiling and baking (Layton et al., 1995). Even less 
mutagenic activity has been observed following microwave cooking. Pre-treatment, 
such as steaming or freezing increases the formation of HAA because the treatment 
damages the cell wall which could lead to the liberation of precursors.
The cooking time is vital as the mutagen-forming reaction takes place rapidly within 
the first 6 minutes of frying and does not change significantly in the next 10 minutes, 
even if the frying is continued for 25 minutes (Overvik et a l, 1993). Repeated heating 
by microwave, pan frying, or oven does not alter the mutagen content.
Fat as a frying medium may increase mutagen formation. Addition of fat increases the 
pan temperature and hence, the mutagen formation. Also heat transfer to the surface 
of the meat is more efficient in the presence of fat. Inclusion of pan scrapings into 
gravies increase the mutagenicity by -30 % (Layton et al., 1995). The sugar in meat 
has been proposed as a key reactant in the mutagen-forming reaction. The addition of 
fructose to the mixture further increases the mutagen formation through the Maillard 
reaction (Overvik et a l, 1993). However, addition of carbohydrates to minced meat 
reduces the mutagen formation. Bamat et al (1996) showed that the presence of 
sugar is not absolutely necessary, as HAA have been produced in the absence of sugar 
in dry heat treatment. However, in liquid model systems their presence is necessary. It 
has been shown that when the quantity of sugar is equal to, or greater than, the other 
two reactants (amino acids and creatine) the formation of mutagens is greatly reduced 
(Bamat et a l, 1996 and references therein). Increasing the amount of glucose is found 
to reduce the levels of creatine and creatinine in the presence of amino acids, which
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may indicate some interference with the Maillard reaction (Skog et al., 1995). 
Creatine is present naturally in foods of animal origin, in the form of creatine 
phosphate. The compound is involved in the energy metabolism of muscles and is 
converted to free creatine within 24 hr of slaughter. During heating creatine is 
converted to creatinine. Most of the transformation takes place within 40 minutes of 
cooking (Bamat et a l, 1996 and references therein). Low levels of creatine produces 
much less mutagenicity. Amino acids are vital for mutagen formation, and the 
mutagenic profile changes depending on the type of amino acid present.
The presence of iron increases the mutagen formation due to the production of free 
radicals in the Maillard reaction, which in turn increases the formation of pyrazines 
and pyridines, which act as precursors for the IQ compounds. Copper for reasons not 
known does not produce free radicals, and therefore it does not influence the 
formation of IQ compounds (Johanson et a l, 1996). All known precursors are low 
molecular weight, water-soluble compounds. The water present in the food transfers 
the precursors to the surface of the food items, where they are exposed to 
temperatures required to produce mutagens. Preventing evaporation of the water 
during cooking reduces the mutagenicity of the food greatly, probably due to a 
dilution effect on the precursors (Bamat et a l, 1996 and references therein).
IQ was chosen in our study because it is a well studied and an established dietary 
carcinogen, since it was discovered in 1976 by Sugimura. As IQ is consumed as part 
of our diet regularly, exposure to this compound is much more frequent than any 
other carcinogen. Hence, its detrimental effects become more of a public concern. 
Very often the public are advised to cook meat (rich in protein) thoroughly in order to 
avoid other detrimental effects caused due to undercooking, e.g. E.Coli poisoning. 
Although standard cooking conditions could be established to avoid IQ formation, it 
is impossible to practice this at a domestic level. Biomarkers were used in our study 
to assess the real risk involved in the consumption of IQ. If there are risks associated 
with the consumption of dietary carcinogen IQ, then a diet containing a protective
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component may be vital in the prevention of its detrimental effects. Therefore 
biomarkers of prevention, e.g. ftavonoids were also studied.
1.10.3 METABOLISM:
The food-derived amines are premutagens, hence metabolic activation is a prerequisite 
for their binding to macromolecules such as DNA. When administered orally HAA are 
rapidly and efficiently absorbed from the GI tract and transported to the liver. The 
liver is the most important organ in the metabolism. Most of the IQ is retained in the 
liver and the kidney (Overvik et a l, 1995 and references therein). Hepatic 
cytochromes P450 play a key role, both in the activation and the deactivation of 
HAA. Activated metabolites may be transported to other organs or extrahepatic 
activation may occur.
1.10.4 ACTIVATION:
The metabolismof IQ is summarised in Fig. 1.9. An important step in the activation of 
the food mutagens is A-oxidation of the exocyclic amino group (Fig 1.8). HAA are 
oxidized to their A-hydroxyamino derivatives by CYP1A2. Extrahepatic tissues, such 
as lung, kidney, mammary gland and colon, are also capable of activating HAA. 
Cytochrome 1A2 is at least an order of magnitude more active than CYP1A1 in the 
ability to activate IQ (Hammons et a l, 1997). These enzymes are induced by the 
ingestion of charbroiled beef. Snyderwine et al. (1988) reported that they beheved N- 
hydroxy-IQ to be the metabolite responsible for the mutagenicity observed following 
S9 (microsomal mixed function mono-oxygenases) activation. This reactive 
metabolite is directly mutagenic and reacts with DNA in vitro to form the adduct N- 
(deoxyguanosin-8-yl)-IQ. In contrast, Probst et a l (1992) showed TV-hydroxy-IQ is 
only weakly reactive towards DNA.
The yV-hydroxamino derivatives may be subject to Phase II estérification, which is 
mediated by cytosolic acetyltransferase. Loss of the acetyl group generates the
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putative aryl mtrenrmn ion (Fig. 1.9) capable of adduct formation with DNA and 
initiating the process of carcinogenesis. In the intestine bacterial enzymes such as 13- 
glucuronidase may contribute to the reactivation of HAA conjugates. Three additional 
esterifying enzymes have also been implicated in the second step of the metabolic 
activation of some of the food derived HAA. They are A-hydroxyamines- 
sulphotransferase, aminoacyl-tRNA synthetase and phosphatase.
The mutagenic action of HAA could also be mediated through cytochrome-P450 
reductase (Maeda et al, 1995). This involves the formation of an HAA radical which 
reacts with molecular oxygen to form superoxide (Fig. 1.8). The inducers of CYP1A 
include certain flavonoids and indoles (present in Brussels sprouts); various 
chlorinated dibenzo dioxins present as contaminants in milk; green and black tea and 
PAH (Kleman et a l, 1995 and references therein). The CYP1 A-inducers can either 
prevent or enhance chemical cacinogenesis depending on when during the 
carcinogenesis process they are administered. There are sex and species differences 
observed in the induction of CYP1A (Davies et a l, 1993). Female rodents have 
greater CYP1A activity than males; but CYP1A activity is higher in mice than in rats 
(Kleman et al., 1995 and references therein).
Fp(ox) HCA"NADPJ
cyt. P-450 
reductase
HCAFp(red)NAD]
Fig. 1.8 Proposed superoxide generation mechanism in HAA and 
NADPH/cytochrome P-450 reductase using molecular oxygen as electron acceptor. 
Fp(ox) and Fp(red) is flavoprotein, cytochrome P-450 reductase oxidized form and 
reduced form (Maeda et al., 1995).
Prostaglandin H synthase (PHS) present in the microsomal fractions metabolises IQ. 
PHS (arachidonic acid-dependent) by one-electron oxidation produces reactive 
metabolites that bind to the macromolecules (Morrison, 1993). Both human colon and
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bladder exhibit the arachidonic acid-dependent peroxidase activity which can activate 
the HAA.
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Fig. 1.9 Metabolism of IQ (loannides et al., 1993)
Incubation of IQ with human stool resulted in the formation of 7-oxo IQ which is a 
direct acting mutagen in the Ames test (TA98) (Weisburger et a l, 1993). This 
emphasises the role of microflora in metabolic activation of HAA.
1.10.5 DEACTIVATION
Excretion of the parent mutagen and its metabolites via urine, bile and faeces is 
efficient in rodents and in humans. About 90 % of the administered food mutagens are 
excreted within 24 hr (Turesky and Markovic, 1995). Cytochrome P450 plays a role 
in detoxication of IQ through hydroxylation at the C-5 position. HAA have been 
detected in the urine of healthy subjects eating a normal diet (Doolittle et a l, 1989; 
Ushiyama et a l, 1991; Wakabayashi et a l, 1992;96). The most common pathways of
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deactivation involve ring-hydroxylation followed by conjugation to the exocyclic 
amine group, yielding 7V-glucuronides or sulphamates. The fate of the HAA is highly 
dependent on the administered dose as well as on the levels and activities of the 
enzymes involved. Since the 7V-acetylated derivatives generally have lower mutagenic 
activity than the corresponding TV-hydroxylated metabolites, TV-acétylation has been 
proposed by Kato (1986) to represent a detoxication step.
IQ is excreted to a considerable extent (about 20 % of administered dose) as the 
TV-sulphates (sulphamates) in rats. IQ is TV-sulphated to produce the sulphamate in 
hepatic cytosol systems of rats with PAPS as sulphate donor. Sulphamates are not 
mutagenic with or without activation. Formation of IQ sulphamates in liver cytosol is 
low in humans when compared with male rats. The metabolites which are excreted 
through urine and bile include: (a) sulphate and P-glucuronic acid conjugates of the 5- 
hydroxy derivative and (b) TV2-glucuronide and TV2-sulphamate (phase II conjugates). 
At high doses TV2-sulphamate is the major route of detoxication (urine) and at lower 
doses TV^glucuronidation takes place (Turesky and Markovic, 1994).
1.10.6 CARCINOGENICITY STUDIES OF IQ
The predominant site of HAA-induced tumour induction in both mice and rats is the 
liver. The doses tested are at least 1000-fold higher than the estimated human 
exposure. Studies on rats and mice have shown that 0.03 % of IQ in the diet produces 
tumours in many organs. In rats, tumours were found in the liver, small and large 
intestines, clitoral gland, and skin. In mice, tumours were found in the liver, 
forestomach and lung. It was also reported in this study that male rats were more 
susceptible to intestinal tumours and hepatomas than the female rats. The female mice 
were more susceptible to liver tumours; which may be due to higher induction of 
CYP1A1 in the female than in the male mice (Sugimura et al., 1993 and references 
therein; Zu et a/.,1991). Female SD rats developed mammary gland, liver and ear duct 
tumours following intragastric intubation of IQ (Sugimura et al., 1993 and references 
therein). Turesky and Markovic (1995) studied the effects of IQ at an oral dose of 20
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mg/kg in F-344 rats and concluded that the liver and rectum are the target tissues of 
tumourogenesis and not the kidney. Schut et al. (1994) detected adducts in the white 
blood cells which were produced in dose- and time-dependent manner in F-344 rats 
after an oral dose of 5 or 50 mg/kg of IQ for a period of 1 to 15 days.
A prospective study has shown that colon cancer risk is associated with consumption 
of red meat and animal fat but not with vegetable fat (Strickland et al., 1995 and 
references therein). Other studies have shown a correlation between bladder and 
pancreatic cancer and consumption of fried or grilled meat (Strickland et al., 1995 
and references therein). A population that frequently consumes grilled fish or charred 
fish has a high incidence of gastric cancers (Bamat et al., 1996 and references 
therein). Thorgeirsson et al (1995) reported on acute and chronic administration of 
IQ in cynomolgous monkeys using 32P post-labelling IQ-DNA adducts were identified 
in various tissues including the liver, lungs, stomach, small and large intestines, 
kidneys, spleen, pancreas, heart, muscle, brain, oesophagus, bladder, adrenal and 
white blood cells. Adamson et al (1995) observed that when IQ was administered to 
cynomolgous monkeys (1 year old) at 10 or 20 mg/kg body wt it induced tumours in 
50 % of the monkeys in the 10 mg/kg dose group and 85 % of the monkeys at the 20 
mg/kg dose. These findings in primates strongly suggest that HAA are indeed 
mutagenic and carcinogenic in man.
1.10.7 HUMAN SIGNIFICANCE:
The total levels of the HAA formed in cooked meat amount to -25-100 pg/kg. A 
cumulative life time risk is estimated to be 4.5 % based on a 75 year life span (Layton 
et a l, 1995 and references therein). The uncertainty involved in quantification and 
exposure to HAA makes it impossible to calculate the total exposure rate in humans. 
It is therefore difficult to estimate their impact in the cause of disease (Overvik et a l, 
1993). An American study based on the American population (see Table 1.4) has 
estimated the total daily intake of HAA to be 26 ng/kg body wt which is for a 70 kg
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man (Skog et a l, 1995). It is evident that HAA are absorbed, metabobsed and 
excreted by human upon ingestion of fried meat.
Table 1.4 Representative concentration of IQ in cooked meat/fish and average intakes 
in the US diet (Layton et a\., 1995)
FOOD TYPE COOKING METHOD CONCENTRATION 
(ng/g cooked weight)
Beef steak broiled/fried 0.19
Ground
beef/hamburgers
fried 0.35
Lamb broiled not detected
Bacon fried not detected
Pork broiled/barbecued not detected
Pork/ground fried 0.04
Non-muscle foods containing gluten have also been found to contain similar 
mutagenic compounds. However, HAA intake through this type of food may be small 
compared with meat. A significant amount of mutagenic activity is present in 
commercial sauces and stock cubes.
1.11 MUSHROOM AND ITS COMPONENTS
As Agaricus bisporus (AB) is consumed in large amounts, it has been necessary to 
study the effects of mushroom extract, the parent compound agaritine and its 
metabolites in humans. The consumption of Agaricus bisporus in the USA and 
Western Europe in 1990-91 was estimated to be 435 and 644 million kilograms 
respectively (Toth, 1995 reference therein).
1.11.1 METABOLISM AND MODE OF ACTION
Lavenberg (1961) described an enzyme that catalyses the conversion of (3-7V-(y- 
L(+)glutamyl)-4-hydroxymethylphenylhydrazine (agaritine) to 4-(hydroxymethyl)
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phenylhydrazme. The enzyme y-ghitamyltranspeptidase (from pig’s kidneys, similar to
and 4-(hydroxymethyl)phenylhydrazine, with the latter compound being subsequently 
oxidized to the 4-(hydroxymethyl)benzenediazonium ion (Fig. 1.10; Ross et al., 
1982b). Gighotti (1969) isolated and partially characterised the enzyme that converts 
4-(hydroxymethyl)phenylhydrazine to 4-(hydroxymethyl)benzene-diazonium ion 
(HMBD) (Ross et al. 1982a and references therein) (Fig. 1.10). The exact mechanism 
of action by which mushroom hydrazines and diazonium ions are mutagenic is 
unknown. However, it is thought that when these mushroom components are 
metabobsed, reactive species are formed which interact with nuclear DNA in the 
target tissues leading to miscoding, mutation and activation of proto-oncogenes. 
Papaparaskeva-Petrides et al (1993) observed that the mutagenic response induced 
by the mushroom was inhibited by the addition of enzymes such as SOD and catalase 
and, by dimethylsulphoxide and glutathione.
human) which is present in Agaricus bisporus can convert agaritine to glutamic acid
H
I
— y—Gl
H
Agaritine
▼
Hydroxymethyl-
phenylhydrazine
v
Hydroxymethylbenzene 
diazonium ion
Fig. 1.10 Postulated bioactivation of agaritine (Shephard et al., 1995)
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1.11.2 CARCINOGENICITY STUDIES ON MUSHROOM AND ITS 
COMPONENTS
Compounds containing nitrogen-nitrogen bonds such as hydrazine and diazonium 
have been proved to be inducers of cancer (Toth, 1995). As they are present in 
mushrooms it is essential to evaluate their effects. When mushroom extracts and its 
components were studied in mice by oral administration, cancers were observed in a 
number of organs such as forestomach, glandular stomach, caecum, liver, bile duct, 
gall bladder, nasal cavity, lungs, blood vessels, skin, bone, thyroid gland and clitoral 
gland (Toth, 1995 and references therein). Swiss mice fed nothing but fresh 
mushroom for 3 days and given a normal diet for 4 days developed tumours in the 
forestomach, liver, bone and lungs (Toth and Erickson, 1986). This study has been 
criticised, because the result may have been influenced by a lack of balanced nutrition 
as well as stress involved during the changing of diets. The extracts of Agaricus 
bisporus have been shown to be mutagenic in the Ames mutagenicity assay, 
particularly with the TA104 Salmonella typhimurium strain where the effect is more 
pronounced (Papaparaskeva-Petrides et a l, 1993). In contrast, Agaricus bisporus 
extracts failed to produce a positive mutagenic response in other in vitro mutagenicity 
tests and in vivo tests such as micronucleus tests (Papaparaskeva-Petrides et a l, 1993 
and references therein). Initially this positive response in the Ames test was thought to 
be an artefact due to interference by histidine (present in the mushroom extract). It 
was later established that this was not the case, by using an histidine-independent 
bacterial strain (Pool-Zobel et al., 1990).
Shephard et al (1995) concluded from a study on Swiss mice that the consumption of 
0.004 mg/day of mushroom contributes to life span cancer risk of 2 cases in 100,000 
in humans.
45
Chapter 1 Introduction
1.11.2.1 p-'N-(y-L(+) GLUTAMYL)-4-HYDROXYMETHYLPHENYLHYDRAZINE 
(AGARITINE)
Luft et al. (1967) initially identified hydrazines in mushroom and Shimizu and 
colleagues (1970) detected agaritine (700 mg/kg) in fresh mushrooms (Toth, 1995 
and references therein). An average size mushroom (15 g) could contain 45 mg of 
agaritine (Ross et a l, 1982b). When fresh Agaricus bisporus was cooked at 300 °C 
for 7 minutes, 32 % of the agaritine was lost, and further losses occurred during the 
storage of the cooked mushroom at room temperature or at 4 °C (Ross et a l, 1982a). 
Papaparaskeva-Petrides et al (1993) concluded that the agaritine was not 
significantly mutagenic in the TA104 strain of Salmonella typhimurium, and it was 
not the main mutagenic component in mushroom. It was also proposed from the same 
investigation that the enzyme tyrosinase, which converts phenols in mushroom to 
quinones by generating reactive oxygen species, may contribute to the mutagenicity of 
mushroom. Later it was reported that agaritine was weakly mutagenic in the absence 
of an activation system in Salmonella typhimurium TA104 (Walton et al., 1997). The 
potency was further enhanced by the addition of rat kidney homogenate (characterised 
by y-glutamyl transpeptidase) in contrast to hepatic microsomes (low in y-glutamyl 
transpeptidase), which generated the metabolites of agaritine. No metabolism was 
observed when serine-horate, an inhibitor of the enzyme, was added (Walton et al., 
1997).
When mice were given 3 mg of agaritine by gavage, agaritine was not detected in any 
part of the GI tract 15 min after dosing and none was detected in the gut after 3 hours 
(Ross et al, 1982a). This could have been due to the inadequate technique used to 
detect low levels of agaritine. In a different study by Shephard et al (1995), using the 
lac I transgenic mouse mutation assay, agaritine was found to be weakly genotoxic in 
the forestomach and kidney, when agaritine was given in the diet at 
120 mg of agaritine/kg body wt for 105 days.
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1.11.2.2 4-(HYDROXYMETHYL)BENZENE-DIAZONIUM ION (HMBD) AND 
4-(HYDROXYMETHYL)PHENYLHYDRAZINE
HMBD and 4-(hydroxymethyl)phenylhydrazine are relatively unstable compounds and 
are commonly administered as the tetrafluorob orate salt and TV-acetyl derivative 
respectively. Administration of 4-(hydroxymethyl)phenylhydrazine in drinking water 
at 0.0625 % to Swiss mice from 6 weeks for life resulted in the formation of lung and 
blood vessel tumours (Toth et al., 1978). 4-(hydroxymethyl)phenylhydrazme in vitro, 
but not in vivo, undergoes further changes to form 4-methylphenylhydrazine which 
itself induces tumours in Swiss mice (Toth et al., 1978). HMBD is present at
0.6 mg/kg in Agaricus bisporus and has been found to be the most potent carcinogen. 
A single intragastric gavage dose of 400 mg/kg body wt of HMBD to mice induced 
tumours of the glandular stomach (Toth et a l, 1982). HMBD may exist in mushroom 
extracts: (a) as a stable mushroom constituent which could be released in the extract 
during homogenisation, or (b) formed from a precursor by chemical or enzyme action. 
In commercial mushrooms, 20 mg/kg (wet wt) of diazonium ion is generated under 
acidic conditions (mimicking conditions in the human stomach) from compounds 
present in the mushroom (Ross et a l, 1982b). Administration of HMBD at 50 mg/kg 
body wt given for 26 weeks by subcutaneous injection in Swiss mice induced tumours 
in the skin (Toth et al., 1981).
4-(hydroxymethyl)phenyl radical formed by the removal of molecular nitrogen from 
HMBD reacts directly with DNA molecules to cleave the DNA strand (Hiramoto et 
al, 1995).
1.12 7-CARBOXYL-5-CHLORO-8-HYDROXY-3,4-DIHDYRO METHYL1SO- 
COUMARIN (OCHRATOXEV A (OTA))
The mycotoxin OTA, was first discovered by Scott and colleagues (1970) in South 
Africa during a laboratory screening of moulds (Skrinjar et a l, 1995 and references 
therein). OTA is a dihydroisocoumarin carboxylic compound linked through its 
carboxyl group to the amino nitrogen of phenylalanine. OTA is produced by variety of
47
Chapter 1 Introduction
species of the genera Aspergillus and Pénicillium. Pénicillium veridicatum has been 
reported to produce OTA under cool climatic conditions. Toxin production is 
governed by the temperature and water activity of the substrate. The water content of 
the cereals and plant products depends on the climatic conditions during growth, 
harvest and also on storage techniques used. The optimum temperature for toxin 
production is usually 24 °C, although toxin could be produced at temperatures as low 
as 4 °C (Skrinjar et a l, 1995). OTA production is not always maximal at optimal 
growth conditions. OTA has been detected in com, wheat, barley, mixed feeds, coffee 
beans, beer, pork, spices and mouldy peanuts. Humans are exposed to OTA by two 
routes, either through consumption of contaminated plant foods or consumption of 
residue-containing meat from slaughtered animals fed on mycotoxin-contaminated 
food.
1.12.1 HUMAN CONSUMPTION
In order to propose limits and regulate the OTA levels, there should be sufficient 
toxicological and analytical data, and reliable and available methods to analyse and 
study the distribution of OTA. The current (proposed) OTA limits range from
1-5 pg/kg for children and infant foods; 2-50 pg/kg for foods and 300 pg/kg for 
animal feeds (Egmond, 1996). Levels of OTA above 5-10 mg/kg are rarely found in 
foodstuffs. Eight countries have estimated average dietary intake by adults as 0.7-
4.6 ng/kg body wt/day based on food occurrence and consumption data whereas five 
other countries estimated it to be 0.2-2.4 ng/kg body wt/day based on human plasma 
data (Jorgensen et a l, 1996). However, the provisional tolerable weekly dose (PTWI) 
has been rounded down to 100 ng OTA/kg b.wt/week, corresponding to a provisional 
tolerable daily intake of 14 ng OTA/kg b.wt/day (JECFA 1995).
1.12.2 METABOLISM AND ACTIVATION
OTA is absorbed from the stomach and in the small intestine. In the intestine the OTA 
is cleaved into OTAoc and phenylalanine (Fig. 1.11) by the hydrolytic activity of
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carboxypeptidase and chymotrypsinogen and intestinal bacteria (Krogh, 1980 and 
references therein). OTA is transported in the blood bound to albumin and found at 
high concentrations in the kidney which is the target organ of toxicity (Stojkovic et 
a l, 1984). An intravenous injection of 14C OTA resulted (within 24 hr) in a 
distribution of labelled OTA in lung > adrenal medulla > skin > liver > myocardium > 
kidney > salivary gland > adrenal cortex > muscle > gastric mucosa > bone marrow 
(WHO, 1996 and references therein). Studies also show that animals treated with 
OTA, e.g. hen, Japanese quail, excreted OTA in eggs whereas lactating rats excreted 
OTA in the milk (WHO, 1996 and references therein). The consumption of OTA also 
affects calcium homeostasis (WHO, 1996 and references therein; Chong et a l, 1992). 
Using human, pig and rat liver in vitro Stomer et al. (1981) isolated two metabolites 
of OTA, (S)-4-OH-OTA, and (R)-4-OH-OTA. Similar results were also observed 
with rat livers by Storen et al (1982). Kidney cells incubated for a 24 hr period with 
OTA (10 and 25 pM) formed metabolites of OTA including OTAoc, (S)-4-OH-OTA, 
and (R)-4-OH-OTA (Fig. 1.11) (Grosse et a l, 1995). Incubation of rabbit liver 
microsomes with NADPH and OTA resulted in the formation of (S)-4-OH-OTA, (R)- 
4-OH-OTA and a new metabolite 10-OH-OTA. Similar results were also obtained 
with pig microsomal fractions (Stomer et a l, 1983). Omar et a l (1996) suggested, 
CYP P450 1A1/1A2, Bl, and 3A1/3A2 were involved in (R)-4-OH-OTA formation.
The NADPH-cytochrome P-450 reductase system strongly stimulates liposomal lipid 
peroxidation in the presence of the Fe^-OTA complex. The Fe3+ has been shown to 
undergo reduction to Fe2+ and subsequent reoxidation which was accompanied by 
oxygen consumption. Fe3 -OTA complex produces the extremely damaging hydroxyl 
radical in the presence of the NADPH-cytochrome P-450 reductase system 
(Rahimtula et a l, 1988; Omar et a l, 1990; Hasinoff et a l, 1990). OTA inhibits 
protein synthesis both in vitro and in vivo by competing with phenylalanine in the 
amino acylation of tRNA catalysed by phenylalanyl-tRNA synthetase (Creppy et a l, 
1983; Gekle et a l, 1994; Dirheimer, 1996;). This inhibition is also seen with the OTA 
metabolite (R)-4-OH-OTA. This inhibitory effect could be reversed by the addition of 
phenylalanine. Inhibition of protein synthesis by OTA may result in the impairment of 
critical metabolising enzymes as well as other proteins. The impairment of CYP P450
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or prostaglandin synthase may explain the low level of adducts that are seen at high 
doses of OTA (Grosse et a l, 1995). OTA also inhibits the enzyme 
phosphoenolpyruvate carboxykinase involved in gluconeogenesis. However, this 
could be an indirect effect of protein synthesis (Dirheimer, 1996 and references 
therein). Metabolic process may vary from species to species, as different species have 
different sensitivity to OTA (Thuvander et al., 1996).
COOH OH
,CH.
Ochratoxin A
COOH OHOH O
OH
Cl
Ochratoxin (S)-4-Hydroxy-OT A
COOH OH
OH
( R)-4-Hyd roxy-OT A
Fig 1.11 Metabolism of Ochratoxin A
1.12.3 DETOXICATION
OTA taken up by the hepatocytes is hydroxylated, conjugated and partially eliminated 
into bile (Kontaxi et al., 1996). Omar et al. (1996) suggested that the CYP2B1 
metabolism of OTA, presumably to the 4R and 4S hydroxylated products, could lead 
primarily to its detoxication.
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1.12.4 TOXICOLOGICAL STUDIES
OTA is well known for its nephrotoxic and immunosuppressive effects (Haubeck et 
a l, 1981; Creppy et a l, 1985; Thuvander et a l, 1995). OTA is toxic in a number of 
experimental animals including birds, mammals and rodents. Exposure of bovine 
peripheral blood lymphocytes to OTA showed that the T-lymphocytes were more 
sensitive to OTA than the E-lymphocytes (Charoenpomsook et a l, 1996).
OTA was found to induce kidney tumours in male rats at dose levels of 74 pg/kg 
body wt. The carcinogenicity was 10 times lower in female rats and 100 times lower 
in mice (Schlatter et a l, 1996). OTA was identified as a renal carcinogen in male 
B3C3F mice and an hepatic carcinogen in female mice of the same strain when given 
at 40 mg/kg in the diet over a 24 month period (Bendele et a l, 1985). However, this 
study used only a limited number of animals and was therefore insufficient for the 
results to be conclusive. Subcutaneous administration of catalase and superoxide 
dismutase to male mice prior to treatment with OTA at 10 and 20 mg/kg body wt did 
not produce positive results in the dominant lethal assay or the micronucleus assay 
(Stoichev et a l, 1996). This indicated the involvement of radicals in the 
nephrotoxicity (Baudrimont et a l, 1994). The IARC has classified OTA as a possible 
human carcinogen based on sufficient evidence for carcinogenicity in experimental 
animal studies and inadequate evidence in humans (Kuiper-Goodman, 1996).
In most genotoxicity tests OTA produced negative results. 3H-labelled OTA 
administered to both male and female rats at single oral dose of 210 pg/kg body wt: 
(550 pCi/kg body wt) produced no radioactivity in the liver or kidney DNA (Schlatter 
et a l, 1996). In contrast to this study, Creppy et al as early as 1985 showed DNA 
single strand breaks in vivo in kidney, spleen and liver of mice and in vitro in mouse 
spleen cells when treated with OTA. Positive genotoxicity results were also obtained 
by Henning et al (1991) who reported an increased frequency of sister chromatid 
exchange (SCE) in human peripheral lymphocytes exposed to OTA. Similar increase 
in SCE was also reported by Tollman et al (1995). Other genotoxicity studies include 
chromosomal abnormalities and a drop in the number of spermatocytes in mice (1
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jig/kg body wt for 45 days given orally) which were minimised by supplementing 
them with vitamin C (WHO, 1996 and references therein). Similar effects were 
observed in a different study and chromosomal abnormalities were minimised by 
providing vitamin A supplements (Kumari et al, 1994). Leszkowicz et al (1996) 
suggested that prostaglandin-H-synthase is involved in the genotoxicity of OTA. 
When male F-344 rats were gavaged with OTA at 60 pg/kg over a period of 20 days, 
the rats showed a decrease in thrombocyte and a significant increase in white blood 
cell production (Cepelak et a l, 1996).
Administration of 3H-labelled OTA at 350 ng (3.8 g Ci) to a male volunteer showed 
the half life of OTA to be 35 days which is 10 times longer than rats. Hence a factor 
of 10 needs to be taken into account when extrapolating animal data to humans 
(Schlatter et al. 1996 and references therein). Manolova et al. (1990) observed, an 
increased number of chromosomal aberrations in patients suffering from Balkan 
endemic nephropathy, and similar results were observed when the lymphocytes of 
control subjects were incubated in vitro with OTA (Dirheimer, 1996 and references 
therein). Manolova et al (1990) also observed that the aberrations on the X 
chromosomes were frequently involved and this sex-linked effect explains why the 
females are more prone to this disease than males. This is in contrast to the animal 
data observed by Schlatter et a l (1996) where cacinogenicity in female rats was 10 
time less than male rats.
The primary effect of OTA is inhibition of protein synthesis and the secondary effect 
may be inhibition ofKNA and DNA synthesis. The underlying mechanism of the toxic 
action of OTA is believed to be specific competitive inhibition of phenylalanine-tRNA 
ligase (phenylalanyl-tRNA synthatase). Aspartame (a structural analogue of OTA and 
phenylalanine) has been shown to inhibit OTA toxicity under in vitro and in vivo 
conditions (Creppy et a l, 1996). Since aspartame is not toxic and is very convenient 
to use, it is proposed for the prevention of OTA-induced toxic effects.
The following sections gives an introduction to various methods that were used 
throughout this study. These methods were used to determine the putative protective
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effect of green tea and its components as well as to study the deleterious effects of 
dietary carcinogens. The protocols of the following methods are presented in the next 
chapter (Chapter 2).
1.13 THE MEASUREMENT OF MALONDIALDEHYDE AS AN 
INDICATOR OF LIPID PEROXIDATION
In 1944, Kohn and Liversedge observed that animal tissues incubated aerobically with
2-thiobarbituric acid (TEA) produced a pink pigment. Bemheim et al. (1948) found 
the pink pigment was the result of a complex formed from oxidation products of 
unsaturated fatty acid compounds and TEA (Hoyland et al., 1991 and references 
therein). The process of lipid peroxidation produces many different aldehydes, 
including malondialdehyde (MDA). MDA is a three-carbon dialdehyde with carbonyl 
groups at the C-l and C-3 positions.
The measurement of MDA by its reaction with TEA is one of the most commonly 
used markers of lipid peroxidation (Fig. 1.12). Substances other than MDA that react 
with TEA are known as thiobarbituric acid-reactive substances (TEARS). Although 
this method of measuring lipid peroxidation is very commonly used, it is one of the 
most heavily criticised methods. The criticism is particularly applicable when 
biological samples are used. The criticism appears justified if MDA in a biological 
sample is derivatized with TEA without the addition of antioxidants to the reaction 
mixture or, when the resulting adduct is quantified without prior purification. The 
following is a brief account of the criticism of this test as a biomarker of lipid 
peroxidation:
1. the harsh acid treatment used to develop the MDA-TBA adduct invites 
degradation of any preformed lipid peroxides within the sample possibly increasing 
MDA concentration;
2. the impurities present in the reagent may interfere with the formation of the MDA- 
TBA complex;
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3. the condition of the sample, other than its content of MDA and lipid hydroperoxide 
may affect the final results;
4. many substances, often not related to the lipid peroxidation (e.g. sugar degradation 
products, amino acids) complex with TEA with significant absorbance at the same 
wavelength as the MDA-TBA complex; and
5. substances that react with TBA to form yellow, orange and red pigments interfere 
with the absorption spectrum of the pink pigment of the MDA-TBA adduct.
Despite its limitations, the TBA test is still frequently used with some modifications of 
the basic assay procedure. Antioxidants such as BHT can be added to the reaction 
mixture to minimise oxidation of any non-peroxidized PUFA within the sample. 
HPLC can be used to separate the MDA-TBA adduct from interfering chromogens. 
The modification of the assay procedure cannot answer for all the criticism associated 
with this assay. However, other biomarkers of lipid peroxidation also suffer from 
some of the same problems as MDA. TBA test can be used in conjunction with other 
biomarkers to elucidate oxidative damage.
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1.14 THE ABERRANT CRYPT FOCI ASSAY AS AN 
INTERMEDIATE BIOMARKER OF COLON 
CARCINOGENESIS
Cancer is thought to develop in a stepwise manner. Each step forms a new and altered 
cell population which becomes the site of the next altered cell population. This 
continues until these altered cell populations exhibit a phenotype characteristic of 
cancer. In colon carcinogenesis, the cancer develops from the neoplastic 
transformation of stem cells in Lieberkun crypts and by the repopulation of the normal 
crypts with atypical cells (Tudek et al., 1989 and references therein). Colon cancer is 
the second most common cause of cancer deaths in the United States (Pretlow et ai, 
1992 and references therein). Many factors have been associated with colon cancer 
(e.g. high fat diet, low fibre diet) but among these the most important dietary 
compound is heterocyclic aromatic amines. Bird and co-workers suggested that the 
aberrant crypts are the preneoplastic lesions in the colon induced by the colon 
carcinogens (McLellan and Bird, 1988). Previous studies have shown that (a) 
Aberrant crypt foci (ACT) are induced specifically by colon carcinogens (McLellan 
and Bird, 1988 and Tudek et al, 1989), (b) ACT are larger in animals on high fat diet, 
compared with those on low fat diet, an association corresponding to colon cancer 
promotion (Bruce et a i, 1993 and references therein), (c) Initiators and promoters of 
ACT have been identified (Bruce et a l, 1993 and references therein), (d) Agents that 
prevent colon cancer also prevent ACF (Bruce et a l, 1993 and references therein) 
and (e) ACF were observed in human colon (Bruce et a l, 1993 and references 
therein).
©
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Fig. 1.13 A scheme showing the relation between normal crypts, aberrant crypt, aberrant 
crypt foci, polyps and colon cancer (Bruce et al, 1993)
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ACF are clusters of abnormal glands and an aberrant crypt is a single abnormal gland 
(Fig. 1.13). The aberrant crypts are distinguished from normal crypts by their: (a) 
darker, (b) larger and (c) elevated appearance. Stop era et a l (1992) proposed ACF 
will provide an important model system in the study of the cellular and molecular 
events involved in the early stages of colon carcinogenesis. The advantage of ACF 
assay is that the colons of rat or mouse can be assessed for ACF in a matter of 
minutes. ACF assay can be easily applied to humans and it permits lesions isolated by 
microdissection to be studied by other methods applicable to fixed tissue.
McLellan and Bird, (1988b) suggested that the rate at which aberrant crypts are 
formed is an indication of the sensitivity to the development of colon cancer. Hardman 
et al (1991) observed that the ACF assay is better used in the promotional stage of 
colon carcinogenesis. It is essential to develop other biomarkers to use in conjunction 
with the ACF assay.
1.15 THE ALKALINE SINGLE CELL ELECTROPHORESIS 
ASSAY (COMET ASSAY) AS AN INDICATOR OF STRAND 
BREAKS AND DNA DAMAGE
The alkaline single cell gel electrophoresis (SCGE) assay also known as the Comet 
assay, is becoming a widely used technique for measuring and analysing DNA 
breakage in mammalian cells. Variety of chemical and physical agents such as UV 
irradiation, ionising radiation, freezing, mycotoxins, cancer chemotherapy, oxygen- 
free radicals and viruses can interact with cellular DNA. Usually interaction occurs at 
the nucleophilic sites within the DNA molecule.
There are many methods available to measure single strand breaks (SSB), for example 
alkaline unwinding, alkaline elution and alkaline sucrose sedimentation. The principle 
is that only if the DNA base-pairing is affected by alkali can the discontinuities in 
single strand be detected. At neutral pH, the continuity of the long duplex molecule is 
not affected by an occasional SSB. SSB can have a profound influence on the 
behaviour of DNA even without the alkaline treatment because DNA in the nucleus is
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supercoiled and tightly packed. The DNA molecules of eukaryotic cells (50-100 cm 
in length) is condensed 105-fold to fit within a nucleus of 5-10 pm diameter. SSB 
release supercoiling and induce a relaxed structure of DNA which can be detected and 
measured (McKelvey-Martin et al., 1993).
The Comet assay has been carefully applied in in vitro and in vivo studies using a 
variety of cell types (Table 1.5.). A number of studies have used lymphocytes to 
assess their susceptibility to oxidative damage. (Duthie et al., 1996; Hartmann et al, 
1995). The Comet technique has, however, been developed in an empirical way and 
there is a need for standardisation, validation and, an understanding of the mechanism 
on which the technique relies. The advantages and disadvantages of using the comet 
assay are shown in Table 1.6.
1.15.1 DNA STRUCTURE, DAMAGE AND REPAIR
Encoded genetic information is stored in a chemical structure known as DNA. The 
DNA consists of four different monomers called nucleotides which has three parts: a 
phosphate group, a pentose (deoxyribose) and an organic base. The double helix 
DNA (Fig. 1.14) is composed of two complimentary linear biopolymers of the nucleic 
acid bases adenine, cytosine, guanine, and thymine. The purine adenine base only 
hydrogen bonds with the pyrimidine thymine, while the purine guanine only hydrogen 
bonds with the pyrimidine cytosine. The two DNA chains, each carry the same genetic 
information and serves as the template for new complimentary partner strand.
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Fig. 1.14 Schematic diagram of the levels of organisation within a cellular nucleus 
(Wasserman, 1994)
There are several types of DNA damage, for example hydrolytic damage (loss of 
bases), adduct formation (covalent binding of chemicals to DNA) and cross-linking. 
Adduct formation can lead to base substitution, deletion, addition, point mutation and 
strand breakage. The major forms of DNA repair include reversal of damage, excision 
of damage and postreplication repair. The reversal repair is the simplest form of repair 
which restores the cell DNA structure by the direct removal of the damage by a single 
enzyme, e.g. alkyltransferase. The excision repair can be divided into two: (a) base 
excision repair: removal of smaller types of base damage, and (b) nucleotide excision 
repair: a versatile repair pathway that operates in cellular responses to various lesions. 
The excision repair involves the incision at the site of damage (enzymes involved are 
endonuclease and glycosidase) and synthesis of new DNA to replace the damaged 
nucleotide. Postreplication repair is a more complex process which is believed to take 
place during semiconservative replication. In this process sister strand exchanges
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between two replicating DNA molecules containing pyrimidine dimers or other 
alterations could restore a normal base sequence (Stich, 1979).
1.15.2 DEVELOPMENT OF THE COMET ASSAY
The Comet assay is an adaptation from other methods such as nucleoid sedimentation 
by Cook and Brazell (1975) and the halo assay by Roti and Wright (1987) 
(McKelvey-Martin et al, 1993 and references therein). Rydberg and Johanson (1978) 
observed that following X-ray irradiation, the nuclei of alkali-lysed cells became 
increasingly diffuse in a dose-dependent manner. This study by Rydberg and Johanson 
prompted the first quantitation of DNA damage in single cells, embedded in agarose 
on microscope slides and lysed under mild alkaline conditions. After neutralisation and 
staining the extent of DNA damage was quantified by measuring the ratio of green 
(indicating double-stranded DNA) to red (indicating single-strand DNA) fluorescence 
using a photometer (Tice et a l, 1990). The introduction of alkaline conditions by 
Singh et a l (1988) makes the relationship with single-strand breakage more obvious.
In 1984, Ostling and Johanson improved the sensitivity for detecting DNA damage in 
individual cells by developing an electrophoretic microgel technique. The 
electrophoresis was performed in neutral conditions and the DNA stained with 
acridine orange. More fluorescence was observed in the tail relative to the centre with 
increasing doses of X-ray intensity. The generally adopted Comet assay is that of 
Singh and colleagues (1988) in which the procedure of Ostling and Johanson is 
modified by performing the electrophoresis at high pH. Thus alkali-labile sites as well 
as strand breaks are revealed. Following staining with ethidium bromide, increased 
extension of the DNA from the nucleus towards the anode was observed in cells with 
increased damage. The damaged cells have the appearance of a comet with a brightly 
fluorescent head and a tail whose length and fluorescence intensity are related to the 
number of DNA-strand breaks induced by the test agent. Unchanged cells appear as 
intact nuclei (comet heads) without tails.
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1.15.3 UNDERLYING PRINCIPLES DETERMINING THE BEHAVIOUR OF 
DNA IN THE COMET ASSAY
1.15.3.1 TYPES OF COMET ASSAY AND THEIRMODE OF ACTION
There are four different types of Comet assay that are in use: (a) the neutral assay
employing more vigorous lysis conditions at elevated temperature (50 °C), (b)
modified neutral lysis, (c) alkaline Comet assay at pH > 13 and (d) alkaline Comet
assay at pH 12.3. Both alkaline assays detect SSB and alkaline-labile sites
(phosphotriesters) (Ross et a l, 1995). The alkaline conditions used in the Comet
assay do not distinguish between single (SSB) and double strand breaks (DSB). SSB
occur more frequently than DSB especially due to the physiological, endogenous
process and as a consequence of exposure to xenobiotics. Strand breaks reflect the
relative efficiencies of the incision and rejoining steps of excision repair. The SSB are
easily repaired because the opposite strand of the double helix holds the two ends in
close proximity. However in a DSB, lesions are placed directly or closely opposite to
the two phodphodiesterase backbones of the duplex molecule, and an unrepaired DSB
in an essential gene can lead to loss of information within the gene leading to cell
death (Vamavakas et al., 1997).
A crucial factor during electrophoresis is the release of supercoiling in a loop of DNA. 
This causes the loop to extend towards the anode. The precise significance of high pH 
in the Comet assay is unclear. It may be that under alkaline conditions DNA in the 
open loops denatures and becomes flexible, allowing fragments to be released from 
the nucleus to develop the comet tail. The so-called fragments may be connected to 
the head by single-stranded regions. Collins et al. (1997a) recently suggested that the 
DNA is not migrating as fragments (discrete entities) as in conventional (protein) 
electrophoresis, where the distance travelled is inversely related to fragment (entity) 
size. The alkaline Comet assay resolves break frequencies of the order of a few 
thousand per 109 Da. This is definitely well beyond the range of fragment size for 
which conventional electrophoresis is suitable. Alternatively, release of supercoiling 
may be the determining factor in the Comet assay and the larger the number of loops 
that contain breaks, the more DNA would appear in the tail.
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1.15.3.2 CELL PREPARATION
Often methods generating single suspension of cells involve harsh techniques for 
example trypsinisation which could induce DNA damage (Singh et al., 1991a) (Table
1.5 shows different cell types that have been studied in the Comet assay). In the 
present study lymphocytes were used which did not require aggressive techniques to 
isolate the cells. The peripheral lymphocytes comprise two major cell types, 
depending on the origin and function, namely T and B cells. In adults about 60-70 % 
are T lymphocytes and 10-15 % are B lymphocytes (Carrano et al., 1989). 
Individuals may differ in the proportion of T and B lymphocytes. Most of the T 
lymphocytes belong to the redistribution pool. Freshly isolated lymphocytes are 
thought to be in the non-dividing state known as the Go state, i.e. with unreplicated 
chromosomes (Green et a l, 1992). DNA from S phase cells show much less damage 
than DNA from cells in other phases (Olive et al., 1991).
Table 1.5. Cell types and parameters used to measure DNA damage in the Comet 
assay (Fairbaim et al., 1995).
Various parameters used for Comet 
measurement
Types of human tissues and cell used in the Comet 
assay
Visual: damage/no damage Blood: lymphocytes, T-cells, granulacytes, B-cells
Ratios: length/width/head/tail
F  p o in tl/F  point2
Fhead/Ftail
Human tissues: blood, epithelia, fibroblast, spermatocytes, 
lymphoma
Length: total or tail Animal tissues: lymphocytes, splenocytes, thymocytes, 
bone marrow, brain, kidney, liver, mucosal epithelia, 
pancreas, testes, embryo
Tail moment: 
FtaflxLength 
DNA content
Human cell cultures: blood, carcinoma, melanoma, 
glioma, fibroblasts, breast keratinocyte
Other human cell cultures:
Raji, TK6, Hut-78, HL-60, SiHa, HeLa, WiDr, HT-29, 
A1698, Du-145, MeWo, HT-144, U087, PEC A, IBR.3
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1.15.3.3 ELECTRPHORESIS AND LYSIS
It is necessary to use buffers free from calcium and magnesium ions in order to 
prevent endonuclease induced DSB. The detergents in the lysing solution inactivate 
intracellular enzymes and eliminate the cell membrane barrier which otherwise will 
prevent the agent from reaching the DNA (McKlvey-Martin et al., 1993). Lysing also 
results in the unfolding of the DNA (Tice et al., 1990). The obvious differences 
between a neutral and alkaline Comet assay are the lysis and the electrophoresis 
conditions. Various time periods used for electrophoresis can affect the extent of 
damage and desired detectability (Vijayalaxmi et al., 1992). Extended electrophoresis 
results in longer comet tails. Salts from the lysis solution may retard the migration of 
DNA during electrophoresis by partially neutralising the charge of the DNA 
phosphates. Therefore the rapid loss of salt from the top of the gel compared with the 
bottom of the gel means the comets on the top of the gel will display longer comet 
tails. This can be overcome by draining the lysis solution well before transfer into 
electrophoresis buffer and allowing the gel to equilibrate during unwinding in the 
electrophoresis buffer prior to electrophoresis. Background fluorescence is eliminated 
by using glass slides instead of frosted microscope slides. However, the glass slide has 
the disadvantage of the gel being lost in the process of the assay due to lack of grip 
and the frilly frosted microscope slides are still used in preference to glass slides.
1.15.3.4 ADDITION OF DNA INHIBITORS AND ENZYMES
Agents that induce easily repaired DNA damage which is too short-lived to be
detected easily can be accomodated by the use of a DNA synthesis inhibitor {e.g. 
aphidicolin, specific inhibitor of DNA polymer se a) which permits incomplete repair 
sites to accumulate to a level readily detected by the Comet assay even at low doses 
(Collins et al., 1982; Gedik et al., 1992). Collins et al. (1982) have shown that the 
incubation of cells with endonuclease m  which specifically nicks DNA at sites of 
oxidized pyrimidines could be used as an index of oxidative damage (Fortini et al., 
1996; Tice et a l, 1995). Collins et al. (1997b) recently proposed a modified Comet 
assay using purified repair enzymes applied to DNA during the course of the assay. 
This is suggested to enhance the specificity and sensitivity of the assay. However, this
63
Chapter 1 Introduction
modified version of the Comet assay is at its early stages of development and requires 
commercial availability of various purified repair enzymes, e.g endonuclease HI.
1.15.3.5 ANALYSIS
Undamaged cells which are processed in the Comet assay appear as a bright 
fluorescent core with a less intense edge of fluorescence facing the anode. If breaks 
are present, fluorescence appears in a ‘tail’ extending from the core towards the 
anode (Fig 1.15). Singh and colleagues (1988) reported that the tail length reflects the 
amount of breakage in a cell. Many workers have agreed the percentage tail DNA, tail 
moment and tail length are good parameters to assess DNA damage (McCarthy et al., 
1997). Others have introduced new parameters such as tail inertia (Heilman et al., 
1995). Unfortunately there are no standard ways in which these parameters are 
calculated by the image analysing systems and therefore care must be taken when 
comparing the results from different systems. This makes it difficult to compare the 
results between laboratories. Tail length is a commonly used parameter although tail 
moment (tail length x intensity of the fluorescence) is becoming popular. At low DNA 
damage levels, stretching of attached strands of DNA is more likely to take place than 
migration of individual pieces. As the damage and the number of breaks increase the 
DNA pieces migrate freely into the tail and at extreme levels of damage the head and 
the tail are well separated (the apoptotic cell). Neutral Comet assay produces comets 
with solid tails and the alkaline Comet assay produces more dispersed tails with clear 
separation of the head and the tail by the waist (Klude et al., 1996). The alkaline 
comets are thought to be made up of DNA fragments produced by unwinding of the 
DNA at the break points, while tails of neutral comets consist of DNA loops still 
attached to some structure in the comet head. It is important to remember that the 
nature of comets and the physiochemical formation are not yet fully understood or 
agreed upon.
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Fig 1.15 Illustration of a comet
Skewness and kurtosis and comet morphology can also be measured using various 
image analysing methods. Different agents appear to give rise to differently shaped 
comets in particular cells. Meyers et a l (1993) and Fairbaim et a l (1993) suggested 
that laser scanning microscopy allows for improved analysis of the comet images.
McKelvey-Martin et al. (1993) suggested that instead of using parametric or non- 
parametric tests, the distribution of comets can be evaluated using a responder and a 
non-responder test (score test using Lehamn alternatives). This assumes mixed 
distribution in the dose group and cut point statistics (“arbitrary fixation of a border 
value beneath which all results are classified as negative and all results above as 
positive”). The majority of the results presented in the literature are represented as 
mean and standard deviation regardless of normal or non-normal distribution of 
comets (to mention a few: Gopalakrishna et a l, 1995; Muller et al., 1996). Few 
studies have expressed the distribution in the form of 3D-histogram and significance 
determined by non-parametric tests (Hartmann et a l, 1995; Plappert et a l, 1995; 
Vaghef et a l, 1995). It is therefore essential to standardise a statistical method for 
this assay in order to compare various studies performed using the Comet assay.
1.15.4 DETERMINING GENOTOXICITY
Genotoxic carcinogens are compounds or their metabolites which are DNA reactive 
and directly induce mutations or clastogenic changes. The Comet assay is a potentially
65
Chapter 1 Introduction
sensitive system to assess induced genotoxic damage. The assay has the potential to 
investigate chemicals with unknown genotoxicity. There are three potential 
applications of the Comet assay in genotoxicity testing: (a) a rapid pre-screen in vitro 
to see DNA breaks in mammalian cells, (b) an ex vivo assay using a variety of cell 
types isolated from treated animals including man, and (c) parallel study in vitro and 
in vivo using rodent and human cells to evaluate the risk to man (Ross et al., 1995).
Table 1.6 The advantages and disadvantages of Comet assay
Advantages Disadvantages
Simple, rapid, visual and sensitive technique. De Meo et a l ,  (1991) reported great inter- and 
intra- individual variability in results obtained 
using lymphocytes.
Allows the detection of intercellular differences 
in DNA damage and repair in any eukaryotic cell 
population obtained as a single-cell suspension.
Lack of validation.
Requires only small samples (from 1-10,000 
cells).
Problems in producing single-cell suspension
Cost of performing the assay is extremely low. Sensitive to light.
The equipment requirements are no greater than 
those necessary for other short-term tests in 
genetic toxicology.
Need to prevent damage induced by procedures 
used to process the cells.
Requires only viable cells, no need for growing 
cells
Lack of underlying principles regarding comet 
formation.
It is a sensitive and reproducible assay (Bettie et 
a l,  1995)
Unavailability of standardised protocol which 
also prevents the comparison of results between 
laboratories
1.16 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
(HPLC) TO IDENTIFY URINARY GREEN TEA METABOLITES
The HPLC consists of six main components, the pump, sample injector, column, 
mobile phase, detector and the recorder. In briefj chromatography is a technique that 
allows efficient separation of individual compounds from a mixture. Reversed phase 
HPLC is an absorptive process which involves Van der Waals and hydrophobic
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interactions between the sample molecules, the non-polar sorbent, and the polar 
mobile phase. The samples that are more polar are eluted first because they prefer 
being in the polar mobile phase. The actual retention times vary depending on the flow 
rate and the rate of change in the polarity of the solvent mixture. Many workers have 
used this simple, rapid technique to separate green tea metabolites. Copeland et al 
(1994) reported that feeding of conventional rats with (+)-catechin, EC, EGCG, gallic 
acid resulted in locating on the chromatogram many of their metabolites. Some of 
these were partially characterised and identified. One of the gallic acid metabolite 
peaks was found to be common with EGCG. Lee et al (1995) and Copeland et al 
(1994) used urinary levels of EGC, EC and EGCG as biomarkers to quantify human 
ingestion of tea and exposure to tea polyphenols.
1.17 AIMS AND OBJECTIVES
From the foregoing review it is evident that dietary habits influence the incidence and 
progression of many chronic diseases including cancer. Chronic diseases have a 
multifactorial aetiology and are initiated same time prior to onset of clinical symptoms 
which makes it difficult to single out the dominant factor causing the disease. Dietary 
carcinogens/mutagens are believed to play a causative role in the aetiology of cancer. 
Oxidative stress and covalent interaction of chemicals with DNA have been identified 
as possible mechanisms. However, the exact mechanism underlying the pathogenic 
processes and their modulation by dietary factors are not well understood.
The objectives of this study are to investigate whether
(I) non-invasive or minimally-invasive biomarkers could be used to assess reliably the 
exposure to and effects of dietary or environmental toxicants and putative protective 
factors; and
(II) the magnitude/significance of the protection associated with such exposure.
To study the above objectives the following steps were planned:
(1) familiarisation with the Comet assay to assess DNA damage in lymphocytes;
(2) application of the Comet assay to study in vitro IQ-induced DNA damage and the
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modulatory effects of green tea and its components;
(3) application of the Comet assay to assess in vitro genotoxicity of various other 
dietary carcinogens, e.g OTA and mushroom metabolites;
(4) investigation of the performance of selected biomarkers of exposure and 
biomarkers of effect relative to accepted pathological and toxicological end-points.
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2.1 THE COMET ASSAY
The Comet assay, otherwise known as alkaline single cell gel electrophoresis (SCGE), is 
a rapid, simple, sensitive and visual technique for measuring DNA damage in individual 
cells. The SCGE technique generally adopted is that of Singh and co-workers (1988), 
which Ostling and Johanson (1984) modified by performing the electrophoresis at high 
pH. In this assay, as the DNA damage increases, there is an increase in migration of the 
DNA fragments from the nucleus towards the anode. The extent of DNA damage can be 
quantified by measuring various parameters relating to the tail and the head of the comet.
2.1.1 CHEMICALS
CHEMICALS SUPPLIERS
Sodium chloride; Sodium hydroxide; Hydrochloric acid BDH, Poole, Dorset, UK
Normal melting point agarose Boehringer Mannheim UK Ltd, Lewes, East 
Sussex, UK
Diaminoethanetetra-acetic acid (EDTA); disodium salt; dimethyl 
sulphoxide
Fisons Scientific Equipment, Loughborough, 
Leicestershire, UK
L ow  melting point agarose GIBCO BRL, Paisley, Renfrewshine, UK
Resorufin; Alkoxyresorufin; Methoxyresorufin; Pentoxyresorufin Molecular Probes, Eugene, Oregon, USA
Lymphoprep Nycomed, Sheldon, Birmingham, UK
Aroclor 1254 Robens Institute, University of Surrey, 
Guildford, Surrey, UK
Sodium lauryl sarcosinate; Triton X -1 0 0 ; Tris[hydroxymethyl]amino- 
methane; Ethidium bromide; Hydrochloric acid; Potassium  chloride; 
Copper sulphate; Sodium potassium tartrate; Sodium carbonate; Sodium  
hydroxide; Folin and Ciocalteu’s phenol reagent; Bovine serum albumin 
(fraction V); P-nicotinomide adenine dinucleotide phosphate (reduced  
form (NADPH)); N icotinom ide adenine dinucleotide phosphate (oxidised  
form, m onosodium  salt (NADP)); Glucose-6-phosphate; G lucose-6- 
phosphate dehydrogenase; M agnesium chloride; Sodium phosphate; 
Sodium hydrogen carbonate; Dicoumarol
Sigma Chemicals Company Ltd, Poole, 
Dorset, UK
Fully frosted m icroscope slide; Cover glass N o  1 (24  x 50 mm) Surgipath Europe Ltd, StNeots, 
Cambridgeshire, UK
Phosphate buffered saline Unipath Ltd, Basingstoke, Hampshire, UK
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This list of chemicals only contains those that were required for a standard Comet assay, 
and the details of the test substances are included separately in the materials and methods 
sections of the appropriate chapters.
2.1.2 PREPARATION OF REAGENTS
2.1.2.1 PHOSPHATE BUFFERED SAUNE (PBS) (Cet*, Mi*-free)
Ten tablets (weighing 1 g each tablet) of Dulbecco’s® formula free from calcium and 
magnesium were dissolved in a litre of distilled water, the pH adjusted to pH 7.4 with 
NaOH, and the solution sterilised by autoclaving at 115 °C for 10 minutes. The sterilised 
solution was stored at 4 °C for a period of 2 weeks.
2.1.2.2 LYSING SOLUTION
2.5 M NaCl (146.1 g), 100 mM EDTA (37.2 g), 10 mM TRIZMA (1.2 g) and sodium 
lauryl sarcosinate (10 g) were dissolved in 750 ml of distilled water and the pH adjusted 
to pH 10 using NaOH (12 g), filter sterilised and kept at room temperature for up to one 
week.
On the day of use, 1 % Triton X-100 (1.25 ml) and 10 % DMSO (12.5 ml) were added 
to 111.25 ml of lysing solution to make a total volume of 125 ml. The solution was kept 
at 4 °C.
Note: The purpose of the DMSO was to scavenge radicals generated by the iron released 
from haemoglobin when blood or animal tissues were used.
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2.1.2.3 ELECTROPHORESIS BUFFER
200 mM Na2EDTA (74.4 g/1 pH 10) was made up as stock solution and kept at room 
temperature until precipitation occurred after which it was discarded. 10 M NaOH (40 g 
in 100 ml distilled water) was made up freshly each time.
On the day of use, 10-13 ml of NaOH were mixed with 10 ml of EDTA and made up to
2.2 litres with distilled water (cooled prior to use at 4 °C) to give the electrophoresis 
buffer (pH 13). The electrophoresis was performed at 25 V (± 1.5 V), 300 mA for 20 
minutes at room temperature.
2.1.2.4 NEUTRALISATION BUFFER
Tris (48.5 g) were dissolved in distilled water, pH adjusted to 7.5 using concentrated 
hydrochloric acid (>10 M) made up to 1 litre (0.4 M), filter sterilised and stored at room 
temperature until precipitation occurred after which it was discarded.
2.1.2.5 STAINING SOLUTION
A stock solution containing 1 mg/ml was made by dissolving 10 mg ethidium bromide in 
10 ml distilled water and the solution was stored in the dark at 4 °C.
On the day of use a 20 pg/ml solution was made by diluting 100 pi of stock solution with 
4.9 ml of distilled water.
Caution: Ethidium bromide is a DNA intercalator, therefore needs to be handled 
appropriately in a carcinogen-safe environment.
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2.1.2.6 LOW AND NORMAL MELTING POINT AGAROSE (LMPA/NMPA)
A 0.5 % solution of agarose was made by dissolving 0.125 g of LMPAZNMA as 
appropriate in 25 ml of PBS, and the mixture was microwaved (Microchef SM 11 
microwave, Proline, Comet pic, UK), until near boiling to dissolve the agarose. Aliquots 
of 5 ml were transferred into scintillation vials and stored at 4 °C until needed.
On the day of use, the vial containing the agarose was melted by heating in the 
microwave for 2-3 seconds and was placed in the water bath at 37 °C to cool and 
stabilise the temperature.
2.1.3 METHOD
2.L3.I ISOLATION OF LYMPHOCYTES
Blood used to isolate the lymphocytes was collected either from healthy male or female 
volunteers by venepuncture, or from rodents by cardiac puncture. Blood (2 ml) was 
transferred to an EDTA tube (Sarstedt, Beaumont Leys, Leicestershire, UK), to prevent 
clotting, and diluted with an equal volume of PBS. The diluted blood samples were 
transferred into the tubes, containing 2 ml of lymphocyte-separating medium 
(lymphoprep) and centrifuged in a Beckman J-6 centrifuge (JS-4.2 swinging bucket 
rotor, Beckman, High Wycombe, Bucks, UK) at 1286 x g  for 15 minutes, resulting in 
three separate layers (Fig. 2.1).
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■ Lymphocytes
. Red 
Blood 
Cells
Fig. 2.1 Centrifuge tube containing blood separated into three layers after the 
centrifugation at 1286 x g.
The middle layer which contained the lymphocytes was removed and washed by 
resuspending in PBS (10 ml) and centrifuged at 823 x g  for 10 minutes. The supernatant 
was discarded and the pellet was resuspended in PBS (2 ml).
2.1.3.2 DETERMINATION OF LYMPHOCYTE VIABILITY
Cell viability was estimated using the Trypan Blue Exclusion test (Poole Zobel et al.7 
1992 : 1993). Polar dyes, such as trypan blue, can be excluded by viable cells but non- 
viable cells with membrane damage take up dye intracellularly. Trypan blue dye 
(0.2 % v/v 100 pi) was added to an equal volume of isolated lymphocyte suspension and 
gently mixed, and 10 pi of the mixture was transferred into each well of the 
haemocytometer (Weber Scientific International Ltd, Teddington, Middlesex, UK).
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A sample of at least 100 cells of stained and non-stained cells was counted using the x40 
objective. The percentage of viable cells was calculated using the following equation:
% of viable cells = (No. of non-stained cells/(No. of stained + non-stained cells)) x 100
2.1.3.3 INCUBATION
The incubation was carried out in order to allow the test compound and its metabolites to 
equilibrate with the in vitro system The isolated lymphocytes were incubated in a 
medium containing the test substance (detailed protocols of these procedures are given in 
the relevant chapters) with or without metabolic activation (see below) at 37 °C (Water 
bath Y22, Grant, Royston, Herts, UK) for a set time (detailed protocols of these 
procedures are given in the relevant chapters). At the end of the incubation period the 
samples were centrifuged in a Micro Centaur fixed rotor epindorf centrifuge (Micro 
Centaur, Loughborough, Leicestershire, UK), at 1000 rpm for 7 minutes. Most of the 
supernatant was removed except for 5-10 pi of the sample.
Two types of metabolic activation system were used depending on the type of activation 
required by the test compound:
(a) Rat hepatic S9 mix activation:
Hepatic subcellular fractions were prepared as described previously (loannides and Parke, 
1975) with some slight modifications. Male Wistar Albino rats (-200 g b.wt) purchased 
from the Experimental Biology Unit, University of Surrey were treated with single 
intraperitoneal (i.p.) dose of Aroclor 1254 (500 mg/kg b.wt) in com oil. Five days after 
dosing, the animals were sacrificed by cervical dislocation. The livers were weighed, 
scissor-minced and homogenised in three volumes of ice-cold, sterile KC1 (1.15 % w/v) 
using a motor-driven Potter-Elvehjem glass homogeniser with teflon pestle (AH. 
Thomas, Philadelphia, U.S.A). The homogenate was adjusted to 25 % (w/v) by further
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addition of 1.15 % (w/v) KC1 [1 g liver = 4 ml homogenate] and was centrifuged at 9000 
x g  for 20 minutes at 4 °C in a Beckman 12-21 centrifuge using a JAH 14 x 50 ml 
aluminium angle head rotor (Beckman, High Wycombe, Bucks, UK). The supernatant 
(S9) was decanted off and stored as 2 ml aliquots at -20 °C until required.
(b) Rat hepatic microsomal fraction:
Ultracentrifugation, using a Beckman LS-7 ultracentrifuge with a TY65 (8 x 10 ml 
titanium angle head rotor (Beckman, High Wycombe, Bucks, UK), at 105,000 x g  for 60 
minutes separated the S9 into the cytosolic (supernatant) and microsomal (pellet) 
fractions. The microsomal pellet was resuspended in sterile 1.15% (w/v) KC1 using a 
motor driven Potter-Elvehjem glass homogeniser with teflon pestle. All solutions and 
equipment were sterilised in an autoclave at 115 °C prior to use.
2.1.3.4 THE ACTIVATION SYSTEM
Subcellular fractions were prepared as described earlier, and a 10 % (v/v) activation 
system was prepared as follows:
Subcellular fraction 10 % (v/v)
KC1 (0.33 M) 10 % (v/v)
MgCl2 (0.08 M) 10 % (v/v)
Sodium phosphate buffer (0.2 M, pH 7.4) 50 % (v/v)
Cofactor solution* 20 % (v/v)
*In the course of this investigation different cofactor solutions were employed. The 
standard solution was composed of NADP+ (4 mM) and glucose-6-phosphate (5 mM)
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which was supplemented with glucose-6-phosphate dehydrogenase (1 unit/sample) when 
the microsomes were the subcellular fraction under investigation. On other occasions the 
cofactor solution consisted of NADPH (8 mM).
2.L3.5 PROTEIN DETERMINATION USING THE LOWRY PROCEDURE
Protein concentrations in the subcellular fractions were determined by the Lowry 
procedure (Lowry et a l, 1951), with bovine serum albumin (fraction V) used as a 
standard.
The Lowry “Copper reagent” was prepared immediately prior to use by mixing copper 
sulphate (1 % w/v), sodium potassium tartrate (2 % w/v) and sodium carbonate (25 % 
w/v) solutions (1:1:100).
Protein samples were diluted 25-fold for microsomes and 50-fold for cytosols, and 
protein standards were diluted with NaOH (0.5 M) to give a range of concentrations of 
bovine serum albumin (0-250 pg) per tube. Samples, standards and blanks were then 
further diluted 1:1 with NaOH (0.5 M), prior to the addition of copper reagent (5 ml). 
Samples were mixed and allowed to stand at room temperature for 10 minutes.
Folin Ciocalteu’s phenol reagent was diluted 1:1 with distilled water and then added (0.5 
ml) to each tube and contents immediately mixed. The mixture was allowed to stand at 
room temperature for 30 minutes before the absorbance at 720 nm was recorded using a 
Kontron Uvikon 860 spectrophotometer (Kontron Yb&mmQntsJSernerstrassae Zurich). 
The protein concentrations were determined from the standard curve. Samples, blanks 
and standards were all performed in triplicate.
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2.L3.6 FLUORIMETRIC DETERMINATION OF ALKOXYRESORUFIN O - 
DEALKYLASE ACTIVITY
The methods used were principally as described previously by Burke and Mayer (1974) 
and Lubet et al (1985).
The dealkylation of methoxy-, ethoxy-, and pentoxy-resorufin was determined following 
the generation of resorufin fluorimetrically, using a Perkin Elmer LS5 luminescence 
spectrophotometer (Perkin Elmer, Beaconsfleld, Buckinghamshire, UK).
Spectrophotometer settings
Excitation wavelength 510 nm Excitation slit width 10.0 nm
Emission wavelength 586 nm Emission slit width 2.5 nm
To a 3 ml quartz fluorimeter cuvette were added the following reagents:
Tris HC1 buffer, 0.1 M, pH 7.8, at 37 °C 2.00 ml
Microsomal suspension (25 % w/v) 0.01-0.05 ml
or cytosol* 0.20 ml
and either ethoxyresorufin 0.53 mM 0.03 ml
pentoxyresorufin 1.00 mM 0.005 ml
or methoxyresorufin 1.00 mM 0.005 ml
*To inhibit DT-diaphorase when measuring dealkylation in cytosol, dicoumarol was 
added, at a final concentration of 10 pM.
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After the baseline was recorded, the reaction was initiated by the addition of 10 1^ 
NADPH (50 mM in 1 % NaHCOg). The increase in fluorescence was monitored and the 
initial rate of dealkylation was calculated from the slope. Calibration was achieved by 
adding aliquots (5 gl) of resorufin (0.011 mM) to an incubation mixture containing all 
components except substrate. Ethoxy-, methoxy-, and pentoxy-resorufin O-dealkylase 
activities are considered to be markers for CYP1A1, CYP1A2 and CYP2B respectively 
(Namkung et al., 1988).
2.1.3.7 SLIDE PREPARATION
The following procedures were conducted under minimal lighting conditions, in order to 
prevent ultraviolet light-induced DNA damage. The first layer NMPA solution (110 pi) 
was added to the slide and a coverslip was placed carefully on top to minimise 
incorporation of air bubbles. The agarose was allowed to solidify at room temperature for 
10 minutes [the exact volume of NMPA solution is not critical, although it should be 
consistent, and the area under the coverslip should be uniformly covered. Larger volumes 
can be used to place greater distance between the cell layer and the frosted surface of the 
slide]. The coverslip was gently removed. The mixture of 75 pi of LMPA (37 °C) and ~ 
150 pi of cell suspension was placed on the slide as the second layer. After replacing the 
coverslip the slides were placed on ice to solidify for 10 minutes. Using ~ 10,000 cells in 
an area o f24 x 50 mm resulted in ~1 cell per microscope field at 250 x magnification.
2.1.3.8 CELL LYSIS
The coverslips were removed and the slides were placed on a slide rack which was then 
gently lowered into a sealable fight-proof box containing the cold lysing solution (enough 
to cover the slides in the slide rack) at 4 °C for 1 hr.
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2.1. S.9 ELECTROPHORESIS
After an hour of cell lysis at 4 °C, the slides were transferred carefully (to avoid the 
dislodging of the fragile gel layer), into a horizontal electrophoresis tank containing 
alkaline electrophoresis buffer at 4 °C to a level ~ 2.5 mm above the slides. The slides 
were placed side by side on the horizontal gel box near the anode end and were slid as 
close together as possible. The slides were left for 20 minutes to allow the DNA to 
unwind and the electrophoresis (GNA200, Pharmacia Biotechnology, St. Albans, Herts, 
UK) was carried out at room temperature using 25 volts and 300 mA for 20 minutes (the 
specified voltage and current can be achieved by raising or lowering the buffer level). At 
the end of the electrophoresis the slides were removed and placed on a flat surface.
2.1.3.10 NEUTRALISATION
The slides were then coated dropwise with neutralisation buffer and neutralised for 5 
minutes at room temperature. The slides were drained and the neutralisation procedure 
repeated twice more.
2.1.3 11. STAINING
The slides were drained and stained with ethidium bromide (60 pi) and covered with a 
fresh coverslip. The stained slides were stored in a humidified black box.
2 1.3 12. ANALYSIS OF THE SLIDES
All slides were analysed within 24 hr of electrophoresis and staining using a Leitz Diaplan 
Fluorescent microscope, equipped with 25 x objective, (Leica UK, Milton Keynes, 
Northamptonshire, UK) 100 W mercury lamp, an excitation filter of 515-560 nm and a
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barrier filter of 500 nm. The analysis system used for the quantitation of SCGE data was 
Synoptics Ltd CASYS Version 1.1 (UV camera, JVC TM-122 video monitor, Viglen 
Genie Professional 4DX-33 computer, Synoptics Ltd, Cambridge, Cambridgeshire, 
UK). Generally, 25 randomly selected cells away from the edge of the agar were scored 
per slide. For each image captured various parameters were recorded such as total area, 
tail length, width, leading edge moment (LEM), central head moment (CHM) and total 
DNA. The individual image results were exported into Microsoft® Excel™ (Version 5.0) 
Worksheet for further data processing and statistical analysis.
2.2 THIOBARBITURIC ACID (TBA) TEST
This test has been commonly used for over 40 years for the measurement of 
malondialdehyde (MDA) a product of lipid peroxidation. MDA is the major TBA- 
reactive substance (TEARS). The colour development in the TBA test was measured by 
the absorbance of the pink chromogen by HPLC (Quartely et al., 1994).
2.2.1 CHEMICALS
CHEMICALS SUPPLIERS
B utan-l-ol; Potassium  dihydrogen orthophosphate; 
di-Potassium  hydrogen  
orthophosphate; Acetonitrile;
Triethanolamine; 1 , 1 , 3 , 3  -tetraethoxypropane 
(TEP)
BDH, Poole, Dorset, UK
Orthophosphoric acid Fisons Scientific Equipment, Loughborough, 
Leicestershire, UK
Butylated hydroxytoluene (BHT); 
Diethylthiobarbituric acid (DETBA)
Sigma Chemicals Company Ltd, P oo le , Dorset, UK
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2.2.2 PREPARATION OF REAGENTS
2.2.2.1. DETBA SOLUTION
Potassium dihydrogen orthophosphate (0.68 g) and dipotassium hydrogen 
orthophosphate (0.87 g) were dissolved in 100 ml of water. DETBA (0.4 g) was added 
and sonicated to dissolve the mixture. Orthophosphoric acid (300 pi to obtain pH 3.25) 
was added and the precipitate removed by filtration. This solution was prepared fresh on 
the day of use.
2.22.2 PREPARATION OF STANDARDS
The standards were prepared using 1,1,3,3-tetraethoxypropane (TEP). A 40 pM TEP 
stock solution was prepared by diluting 50 pi of TEP reagent to 25 ml with water. A 
fresh stock solution was prepared fresh each week and stored at 4 °C. Working standards 
were prepared fresh every other day by further diluting the stock solution.
2.22.3 PLASMA SAMPLES
The human or animal blood samples used for the Comet assay were also used to perform 
the TBA test (see section 2.1.3.1).
2.2.2.4 URINE SAMPLES
Urine samples were centrifuged in a Beckman J-6 centrifuge (JS-4.2 swinging bucket 
rotor) at 823 x g for 10 minutes.
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22.3 ASSAY PROCEDURE
DETBA solution, prior to the addition of sample, was adjusted to pH 3.25 using 
orthophosphoric acid. Samples (0.5 ml) in duplicate, were mixed with 0.1 ml of 0.73 M 
BHT (1.6 g of BHT was dissolved in 10 ml of absolute ethanol) solution and 5 ml of 
saturated DETBA solution. Samples were placed in a boiling waterbath (Water bath Y22, 
Grant, Royston, Berks, UK), for 1 hr to develop the MDA-DETBA adduct. After 
boiling, the samples were cooled for 30 minutes. Butan-l-ol (3 ml) was added to the 
samples, each vortexed for 10 seconds, and centrifuged at 823 x g for 5 minutes. The 
butan-l-ol layer which contains the MDA-DETBA adduct was transferred into a tube 
and the sample re-extracted with a further 2 ml of butanol and the extracts pooled.
224A A ^% % #
Butan-l-ol extracts (0.5 ml) were dried under a stream of nitrogen in a water bath at 
37 °C. The dried samples were resuspended in 1 ml of 50 % aqueous acetonitrile and 
vortexed (Whirlimixer, Fisons Scientific Equipment, Loughborough, Leicestershire, UK) 
for 2 seconds. The butan-l-ol extract could be stored for 3-4 weeks, but the nitrogen- 
dried sample resuspended in 50 % aqueous acetonitrile had to be prepared fresh on the 
day of use.
2.2.5 COLORIMETRIC MEASUREMENT
A Uvikon 860 spectrophotometer (Kontron Instruments, Bernerstrasse Zurich), was 
used at a fixed wavelength of 540 nm for the measurement of the pink chromogen. Two 
readings of the same sample were taken and the average calculated.
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2.2.6 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) 
MEASUREMENTS
The MDA-DETBA adduct was separated from interfering chromogens using an HPLC 
procedure.
HPLC Conditions:
Column: 25 cm Kromasil 5 p CIS (Hichrom, Reading, Berks, UK)
Pump: Spectra System P2000 (Thermo Separation Products, Stone, Staffs, UK). 
Autosampler: AS 100 (Thermo Separation Products, Stone, Staffs, UK)
Mobile Phase: 50 % acetonitrile and 50 % (0.1 %) aqueous triethanolamine
Gradient: Isocratic 
Injection Volume: 100 pi 
Flow rate: 1 ml/min
Detector: UV 2000 at wavelength 540 nm (Thermo Separation Products, Stone, Staffs,
The identity and purity of the MDA-DETBA adduct isolated from plasma and urine 
samples were confirmed by comparison of retention time and spectral data with those of 
the MDA-DETBA adduct prepared from TEP standard. The quantity of MDA within a 
sample was determined with reference to a standard curve constructed from TEP 
standard.
2.3 ABERRANT CRYPT FOCI (ACF)
Aberrant crypt foci are putative preneoplastic lesions of the colon which are utilised as a 
biological end point to evaluate the induction and modulation of colon carcinogenesis.
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When tissue from the colon is stained with methylene blue, these “aberrant crypts” can be 
identified by their increased size, thicker epithelial lining and increased pericryptal zone 
(Takahashi et ah, 1993 ; Bird., 1987).
2.3.1 CHEMICALS
CHEMICALS SUPPLIERS
Absolute ethanol BDH, Poole, Dorset, UK
10 % Buffered formalin Chemix UK, Stcmdish, Wigan, UK
M ethylene blue Sigma Chemicals Company Ltd, Poole, Dorset, UK
Phosphate buffered saline (PBS) Unipath Ltd, Basingstoke, Hampshire, UK
2.3.2 METHOD
The animal was sacrificed by cervical dislocation (for details of the strain, species, sex 
and treatment of the animal see appropriate chapters). The colon was removed, flushed 
with phosphate buffered saline pH 7.4, opened from caecum to anus by a longitudinal 
incision and placed mucosal surface uppermost on a piece of white card. The surface was 
cleaned gently with PBS. The back of the card was sprayed with absolute ethanol and the 
card and its attached colon placed upside down in 10 % buffered formalin for 24 hr for 
fixation of the tissue.
2.3.3 ANALYSIS
After the 24 hr fixation period the colon was stained in 0.2 % methylene blue in PBS for 
3 to 5 mimit.es to identify ACF (microadenomas). The colon was placed with the mucosal 
side up on the glass microscope slide and the ACF identified using a phase contrast 
microscope {Vickers Instruments, Paris, France). The number of aberrant crypts in each 
focus, and the location of each focus, were determined by microscopy at a magnification 
of x 40.
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2.4. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
(HPLC) OF GREEN TEA EXTRACTS
The polyphenols present in the green tea extracts were assessed by the method of 
Copeland et al. (1994).
2.4.1 CHEMICALS
CHEMICALS SUPPLIERS
A cetic acid Sigma Chemical Company Ltd, Poole, Dorset, UK
Acetonitrile BDH, Poole, Dorset, UK
2.4.2 GREEN TEA EXTRACT
Tea was brewed in a thermos flask with 10 g of green tea leaves and 400 ml of boiling 
water to make 2.5 % w/v infusion. The thermos flask was inverted at 30 s intervals for a 
period of 10 min. After the 10 min period the leaf was removed by decanting through 
glass wool.
2.4.3 HPLC CONDITIONS:
Column: Spherisorb 5 ODS (2) 250 x 4.6 mm (Phenomenon Macclesfield, Cheshire, 
OX)
Injection volume: 50 pi 
Flow rate: 1 ml/min
Autosampler: Spectra Series AS 100 (Thermo Separation Products, Stone, Staffs, UK)
Pump: Spectra System P4000, gradient pump (Thermo Separation Products, Stone, 
Staffs, UK)
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Detector: Forward optical scanning detector monitoring between the wavelength 220 nm 
and 360 nm (Thermo Separation Products, Stone, Staffs, UK)
Computer: IBM PS/2 computer equipped with Spectra FOCUS software
Solvent A: 0.5 % Acetic acid in distilled water
Solvent B: 0.5 % Acetic acid in 30 % aqueous Acetonitrile
Gradient:
Time (min) A% B %
0 100 0
25 0 100
28 0 100
32 100 0
35 100 0
42 100 0
2.5 HPLC ANALYSIS OF GREEN TEA METABOLITES 
EXCRETED IN THE URINE
The profile of green tea metabolites in the urine was assessed by the method of Copeland 
e ta l  (1994;96).
2.5.1 CHEMICALS
CHEMICALS SUPPLIERS
P-Glucuronidase;
1,4-Saccharonolactone; Sodium acetate trihydrate
Sigma Chemical company Ltd, Poole, Dorset, UK
Formic acid; Acetonitrile; Ethanolamine BDH, Poole, Dorset, UK
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2.5.2 METHOD
All urine samples were filtered and frozen at —20 °C. Sample (1 ml) was transferred into 
an HPLC vial for analysis.
2.5.3 HPLC CONDITIONS:
Column: Kromasil 100-5 CIS 250 x 4.6 mm (Hichrom, Reading, Berks, UK)
Injection volume: 50 pi 
Flow rate: 1 ml/min
Autosampler: Spectra Series AS 100 (Thermo Separation Products, Stone, Staffs, UK)
Pump: Spectra System P4000, gradient pump (Thermo Separation Products, Stone, 
Staffs, UK)
Detector: Forward optical scanning detector monitoring between the wavelength 220 nm 
and 360 nm. (Thermo Separation Products, Stone, Staffs, UK)
Computer: IBM PS/2 computer equipped with Spectra FOCUS software
Mobile Phase: Solvent A: 0.5 % formic acid in distilled water.
Solvent B: 50 % acetonitrile in 0.5 % formic acid in distilled water
(both solvents pH 4, adjusted with ethanolamine).
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Gradient:
Time (min) A% B %
0 100 0
10 100 0
60 50 50
64 0 100
68 0 100
72 100 0
2  5.4 ENZYMIC DECONJUGATION OF URINARY METABOLITES 
Many of the urinary metabolites are likely to be glucuronide or sulphate conjugates. 
Digestion with commercial (3-glucuronidase (which possess both glucuronidase activity 
and sulphatase activity) with and without the addition of (50 mM) 1,4-saccharonolactone 
(a sulphatase inhibitor) allows the systematic identification of metabolites of both types.
Activity of the (3-glucuronidase enzyme used for deconjugation is dependent on pH, 
hence the reaction was carried out in 0.25 M sodium acetate buffer at pH 5.
Urine (2 ml), was adjusted to pH 5 (with ethanolamine). Depending on the digestion 
required, either, (a) sodium acetate buffer (2 ml), or (b) sodium acetate buffer + 13- 
glucuronidase (50 pi), or (c) sodium acetate buffer + (3-glucuronidase (50 pi) + 1,4- 
saccharonolactone (50 pi) were prepared and tested. The samples were incubated at 
37 °C for 24 hours. Concentrated H2 SO4 (25 pi) was added to the reaction mixture to 
lower the pH sufficiently to arrest digestion.
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3.1 INTRODUCTION
The popularity of the Comet assay has increased over recent years, and this has led to 
various modifications to the original Comet assay (Ostling and Johansson, 1984), by 
many workers (McKelvey-Martin et a l, 1993). The Comet assay is often preferred to 
alternative methodologies such as alkaline elution, mainly due to its low cost, high 
flexibility, rapidity and its simplicity. The most unique feature of the Comet assay is 
the ability to measure the DNA damage at an individual cell level. Briefly, the 
prepared cells are suspended in a thin layer of agar on a microscope slide, lysed, 
electrophoresed and finally stained with DNA-binding fluorescent dye and analysed 
(see section 2.1). Under the microscope the undamaged cell remains intact whereas 
the damaged cell appears in the form of a “comet” (Plate 3.1 a and b). The comet 
“head” represents the remnant nuclear core and the “tail” is formed from the 
unwinding of the damaged DNA strands which orientate towards the anode (Fig. 
1.15).
The aim of this study was to: (a) validate the assay to determine a concentration 
response relationship with various test agents, (b) to elucidate the most sensitive 
parameter to assess the positive response and the presentations of those results and
(c) to perform storage trials of both the lymphocytes and the stained slides which 
would spread the work load.
The Comet assay is commonly used for biomonitoring (Collin et al., 1997b), repair 
studies and genotoxicity studies (McKelvey-Martin et al, 1993). However, literature 
on genotoxicity studies using the alkaline Comet assay is limited. McKelvey-Martin et 
al (1993) included in their review a list of challenges that have been tested in 
previous studies. As the alkaline Comet assay has been developed in an empirical way, 
it is vital to validate the method before applying it as a biomarker of DNA damage. 
The study reported here was designed to evaluate the effects of previously tested 
agents as well as new genotoxic agents. Inclusion of previously validated test agents 
allows the results to be compared with published data, which permits validation of the 
assay. The alkaline Comet assay does not distinguish between the single strand breaks
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(SSBs) and double strand breaks (DSBs), and it is mainly used to assess single strand 
breaks and alkaline-labile sites.
Another aspect of the validation study was to determine the most sensitive parameter 
to express the results. Many different parameters have been used in various 
investigations as shown in Table 1.5. The tail length and the tail moment have been 
used commonly to express the results. The definition of each of these parameters can 
vary depending on the type of software utilised for the image analysis. The tail length 
can be calculated from the leading edge of the cell, from the centre of the cell and 
from the trailing edge of the cell (Ashby et a l, 1995). A non-zero value for tail length 
is recorded for all cells (tail length = cell diameter or radius) except if trailing edge is 
used. The tail length from the leading edge of the tail has been measured since the 
introduction of the assay (Singh et a l, 1988). Ashby et al. (1995) has suggested that 
the measure of tail length from the trailing edge of the cell will avoid obtaining a tail 
length measurement for the control cells and the tail moment could be calculated from 
the trailing edge of the tail multiplied by the fraction of the DNA in the tail. Olive et 
al (1993) calculated the tail moment to be the % DNA in the tail multiplied by the 
difference between the means of the head and tail distributions. Both the manual 
method and the automated method using the image analysing system have been used 
in many studies (Ashby et a l, 1995; Bocker et a l, 1997). The manual method 
involves visual rating of the extent of DNA damage (undamaged, moderately 
damaged, and severely damaged) or using callipers to measure the tail length, width 
or area. Although the manual method results were consistent with the results from the 
image analysers the latter is preferred due to its speed of analysis and sensitivity 
(Ashby et a l, 1995). However, much debate still exists over the most appropriate 
parameter for use. Until the assay has been scrutinised in more detail it is vital to 
record all parameters.
In addition to the validation of the assay, and determination of the most suitable 
measurement, the best method of presentation of the results and the use of 
appropriate statistical test were also determined. The results of the Comet assay have 
been presented in the literature as line graphs, barcharts, 3D histograms or in a table
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(mean and standard error of mean). Generally the statistical analysis of significance 
has been tested using either a parametric test (e.g. /-test) or a non-parametric test 
(e.g. WMW-t/-test) (McKelvey-Martin et al., 1993).
Finally, another aspect of the assay that needs to be clarified is the effect of the 
storage of the lymphocytes at different stages of the assay protocol. This has not been 
studied in the past in great depth, although McKelvey-Martin et al. (1993) has 
suggested that an overnight treatment in lysis buffer at 4 °C can be tolerated and 
stained slides could be stored for a few days in a dark, moist container. Additional 
studies were not undertaken in this area during our study.
3.2 MATERIALS AND METHOD
3.2.1 THE EFFECTS OF TEST AGENTS
The isolated lymphocyte suspension (see section 2.1.3.1) comprising 150 pi was 
incubated in a medium (PBS) containing the test substance at a range of 
concentrations (refer to Table 3.1) and the total volume made to 1 ml.
Table 3.1. Details of the concentrations of the test agents, incubation temperature and time
Test agent Chemical
supplier
Concentration of the test agent
(pM )
Incubation 
temperature at 
(37 °C)
Incubation 
time (min)
H2O2 BDH 0, 2.5, 10, 20, 40 37 30
MNNG** Sigma 0, 0.68, 3.39, 6.80 37 90
Chloroform Sigma 0, 2.5 xlO'2, 5 x 10"2, 10 x ÎO 2, 
20 x 1O 2
37 90
Dichloromethane Sigma 0, 2 xlO'2, 4.0 x 10*2, 8 x 10*2, 
16 x 10"5
37 90
Caffeine* Sigma 0, 5.14 x 106, 1.03 x 106, 
4.12 x 106, 5.1 x 106
37 90
All cells were checked for viability using the Trypan blue exclusion test (section 2.1.3.2) and the 
experiment carried out as described in section 2.1.
* tested with and without 50 % v/v rat hepatic S9 mix (10 % v/v) activation system as described in 
section 2.1.3.4.
** MNNG had two controls a DMSO free control and DMSO (1 % v/v) control as MNNG was 
dissolved in DMSO.
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3.2.2 STORAGE TRIALS OF STAINED LYMPHOCYTES
The experimental conditions for H202-treated slides are listed in Table 3.1. The 
stained slides, containing the embedded lymphocytes, were stored in a dark, 
humidified box (containing a wet sponge) and were wrapped with aluminium foil, and 
stored at 4 °C. The control slides as well as the treated slides were scored for DNA 
damage on days 1, 2, 3 and 7. After the scoring procedure the slides were stored as 
described above.
3.2.3 STORAGE TRIAL OF SLIDES IN THE LYSENG SOLUTION
The untreated lymphocytes were embedded on the slides and left in the lysing solution 
(see section 2.1.3.8) over a period of time: 24, 48, 96, 120, and 168 hours. The 
samples were assayed (section 2.1) at the time intervals indicated.
3.2.4 LYMPHOCYTES STORED IN THE CELL FREEZING MEDIUM
Once the lymphocytes had been isolated (see section 2.1.3.1), they were mixed with 
an equal volume of cell culture freezing medium (Life technologies Inc., Grandland, 
New York, USA). For one set of samples, BHT (0.5 M) was added and the mixture 
was transferred into cryogenic vials. The samples were frozen by slowly immersing 
them in a bucket containing ice and water. The iso-propanol bath (custom made) 
comprised a plastic box and a cardboard holder which held the vials in position. The 
container was then half filled with iso-propanol (BDH, Poole, Dorset, UK). The 
cryogenic vials were suspended in the iso-propanol bath, which was stored at -60 °C 
for a two week period. On the day of analysis the cells were thawed and diluted with 
RPMI 1640 growth medium (Life technologies Inc., Grandland, New York, USA) at 
1:10 ratio. The mixture was centrifuged at 823 x g  for 5 minutes (Beckman J 6 
centrifuge, JS 4.2 swinging bucket rotor), and the pellet was removed and 
resuspended in 2 ml of PBS. The cells were checked for viability using the Trypan 
blue exclusion test (section 2.1.3.2) and the experiment was carried out as described 
in section 2.1.
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All the above experiments were repeated more than once and the samples were 
analysed in duplicate. The settings on the image analysing system were standardised 
throughout the study using integration factor 4, rather than the default setting of 0, 
with manual background detection level.
3.3 RESULTS
3.3.1 DETERMINATION OF THE MOST SENSITIVE PARAMETER OF 
DNA DAMAGE
Table 3.2 shows lymphocyte DNA damage induced by H2O2 and measured by various 
parameters. Both mean (± SE) and median are presented in this Table 3.1 and all four 
parameters, i.e. the area, tail length, L.E. Moment and C.H. Moment (see Appendix 1 
for how these parameters are calculated) showed a concentration-related response 
was observed. However when only the median values were used, this linear 
concentration- related response was only apparent with two parameters namely the 
area and tail length.
As tabulated data can be misleading, the results have been presented in the form of a 
3D histogram as shown in Fig. 3.1a. A 3D histogram clearly shows the distribution of 
damage in individual cells at various concentrations of test agents. The parameters 
were analysed by the Kruskal-Wallis test, followed by the Mann-Whitney test for 
each pair of concentration levels. A comparison of each concentration level with the 
control was also made. The parameters showed statistically significant differences 
(P<0.05) for all treated groups relative to the control with the exception of LEM 
which showed no significant difference (P<0.05) in the concentration range of 0 pM-
2.5 pM. Except for the area, at the concentration levels of 10 pM-20 pM H2O2 , none 
of the parameters showed significant differences at P<0.05. The CHM and the total 
DNA showed no significant difference (P<0.05) between 2.5 pM and 10 pM H2 O2 . 
The width also showed little difference (P<0.05) between 10 pM-20 pM of H2O2 . The 
tail length showed a concentration-related response at all dose levels except at 
10 pM-20 pM H2 O2 (in agreement with all other parameters except the area). The area 
showed a concentration-related response at all concentration levels of H2O2 . As the
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area has so far not been used as a parameter of DNA damage measurement in the 
literature and is not known to be a sensitive parameter for small changes, a decision 
was made to use the tail length as the parameter to represent the DNA damage 
throughout the study.
Table 3.2 shows the various means of measuring DNA damage in lymphocytes
e units are arbitrary except tor the ones shown
Concentration Area Tail length LEM CHM Width Total DNA
of H2O2 (fjM) (inn) (tun) (x 10")
0
Mean 631.13 30.30 29.77 12.68 -0.0141 822.83
+ SE 12.88 0.33 0.38 0.49 0.033 21.27
Median 614.08 30.22 29.56 11.57 -0.001 786.98
2.5
Mean 731.70 39.66 31.01 15.02 1.66 899.45
±SE 32.22 1.79 0.69 0.97 0.34 36.53
Median 707.26 36.29 29.92 14.08 0.85 884.11
10
Mean 992.39 47.62 38.92 20.90 3.74 856.22
+ SE 88.74 2.93 1.58 3.40 2.38 47.36
Median 846.03 41.36 35.95 13.36 0.93 809.65
20
Mean 1237.75 56.28 48.80 25.32 8.75 996.68
±SE 95.43 4.43 2.70 3.05 2.60 54.95
Median 971.62 41.67 38.65 15.46 0.48 934.61
40
Mean 2168.12 88.14 57.21 66.84 20.61 1452.63
+ SE 146.04 3.62 2.75 7.60 5.39 89.56
Median 1925.32 85.67 50.63 47.78 13.40 133.86
3.3.2 PRESENTATION OF THE RESULTS
Both the 3D histogram (Fig. 3.1a) and the line graph (Fig. 3.1 b) displayed a 
concentration-related response. The majority of the results in the literature have been 
expressed in the form of a barchart or line graph with the mean value and standard 
error of mean. Such plots (Fig. 3.1b) give only partial and misleading information 
when the data is not normally distributed. The mean and standard error of tail length 
are not valid when the distribution is bimodal or skewed.
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(a) 3D histogram showing the distribution of DNA damage in lymphocytes after 
treatment with H2O2
Concentration of 
hydrogen peroxide  
(pM)
Tail length (pm)
(b) Line graph showing DNA damage in lymphocytes after treatment with H2 O2
100 -1
9 0 -
8 0 -
7 0 -
I 6 0 -
I 5 0 -
4 0 -
3 0 -
20 -
10-
0 10 20 30 40
Concentration of hydrogen peroxide (pM)
Fig. 3.1 Two ways of presenting the data for DNA damage in lymphocytes exposed to 
hydrogen peroxide (a) 3D histogram, and (b) line graph.
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These histograms show that even at zero concentration of test substance, some DNA 
damage could be seen. The mean tail length value of the control was 30 pm in the line 
graph (Fig. 3.1b) however the 3D histogram (Fig. 3.1a) indicates that while most 
values fell in the range of 21-30 pm there were appreciable numbers in the 31-40 pm 
range and one extreme value in the 41-50 pm range. It would be assumed from the 
values presented in the Table 3.2 and the line graph (Fig. 3.1b) that increasing the 
challenge (H2O2 ) from 20 to 40 pM produced the biggest increase in DNA damage. In 
contrast, the 3D histogram presentation shows that this is not the case and the 
distribution of DNA damage was in fact increasing steadily at the highest 
concentration levels of H2O2 . However, the trend in concentration-related response of 
H2O2 is obvious from both presentations.
3.3.3 STORAGE TRIALS
Tables 3.3 and 3.4 show the changes taking place during the storage period. On 
day 0 as expected H202-treated lymphocytes showed greater DNA damage compared 
with the untreated sample. The tail length of the untreated sample increased over the 3 
day period and decreased on the 7th day to the original (Day 0) value. The most likely 
reason for this could have been fading of the stain to a level no longer detected by the 
image analysing system Alternatively the damage may have progressed to an extent 
that the tail has been separated away from the nucleus and the image captured only 
contained the nucleus. This value would match that of an untreated and undamaged 
cell. The threshold of the background fluorescence is user/system dependent. The 
H202-treated sample showed an unexpected drop in the mean value over the 2-day 
period, increased on the 3rd day, and finally decreased on the 7th day. Although the 
drop in the mean value could be explained by the effect of stain fading the increase on 
the 3rd day is hard to interpret. This apparent increase in DNA damage of the 
untreated sample (Day 1 to 3) indicates that this storage method introduces strong 
inconsistencies, which make it unsuitable for this type of test.
The storage of lymphocytes in the cell freezing medium at -60 C for a 2 week period 
induced DNA damage when compared to freshly isolated lymphocytes (Table 3.4). It 
is evident that the addition of BHT reduced the DNA damage by almost 40 %
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(calculation based on tail length values obtained with and wothout BHT). 
Lymphocytes containing vials wrapped in aluminium foil and stored overnight at 4 C 
showed no detectable DNA damage. The mean value of tail length of freshly isolated 
lymphocytes analysed on the same day was 35.2+1.4 pm (median 33.67). The results 
of the isolated lymphocytes stored overnight (conditions described above) and 
analysed on the next day were 35.32+1.5 pm (median 33.87).
Table 3.3 Storage trial of stained slides over a 7 day period
Day of analysis (tail length pm ) Concentration of 
H2O2(0 pM)
Concentration of 
H2 O2 (20 pM)
Day 0
Mean 29.18 53.67
+ SE 1.16 5.11
Median 27.23 48.46
Day 1 35.45 42.19
Mean 0.71 3.05
+ SE 33.26 19.26
Median
Day 2
Mean 37.63 46.08
±SE 1.26 4.25
Median 36.24 41.58
Day 3
Mean 45.41 57.79
+ SE 2.66 5.24
Median 43.68 50.29
Day 7
Mean 30.88 49.77
±SE 0.74 4.65
Median 29.56 40.68
Table 3.4 Storage trial of control lymphocytes with and without BHT
Tail length (pm)
Method of storage Mean (±) SE Median
Freshly isolated lymphocytes analysed on the same day. 29.10+1.04 27.59
Isolated lymphocytes, stored in cell culture freezing media 
without BHT, at -6 0  C in the iso-propanol bath, for a period 
of 2 weeks.
55.03 +4.87 50.27
Isolated lymphocytes, stored in cell culture freezing media with 
BHT, at -6 0  C in the iso-propanol bath, for a period of 2 
weeks.
40.57 +2.43 38.12
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Slides stored in the lysing solution for up to 120 hours did not show any detectable 
DNA damage (Fig. 3.2). However, after 168 hours significant (P<0.05) DNA damage 
had been induced.
Fig. 3.2 A  3D histogram showing the distribution of DNA damage in lymphocytes over a period of 
time in the lysing solution
As MNNG was dissolved in DMSO, a DMSO (1 % v/v) and a DMSO-free control 
were run in parallel. In the negative control (DMSO, median 30.35), results were not 
significantly different (P<0.05) from those obtained with the DMSO-free control 
(median 29.62). As the effect of DMSO was not significant, it was decided not to 
correct the data for MNNG in DMSO. A concentration-related response can be seen 
with MNNG (significant at all increments P<0.05, except for the increment of 3.39 to
6.80 pM ). The distribution of DNA damage at the MNNG concentration of 6.80 pM  
resembles a bimodal distribution (Fig. 3.3).
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Fig. 3.3 A 3D histogram showing the distribution of DNA damage in lymphocytes after treatment 
with MNNG
The study was conducted in order to assess the DNA damage caused by solvents such 
as chloroform and dichloromethane. These solvents were to be used in the future 
studies {i.e decaffeination of green tea extract) and therefore it was necessary to study 
their effects. Both chloroform and dichloromethane (in the absence of an activation 
system) displayed concentration-related responses (Fig. 3.4a and b). All groups 
treated with chloroform and dichloromethane were significantly different (P<0.0001) 
from the control. There were significant differences between each treated group for 
both agents at the P<0.05 level. In the presence of activation no DNA damage was 
observed. Caffeine, a component of green tea, produced negative results at the 
concentrations tested both in the presence and absence of rat hepatic S9 activation 
system (Table 3.1).
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(a) A 3D histogram showing the distribution of DNA damage in lymphocytes after treatment with 
chloroform
C oncentration  of 
chloroform  
(x 10 : \ i M )
Tail length (jim)
(b) A 3D histogram showing the distribution of DNA damage in lymphocytes after treatment with 
dichloromethane
C on cen tra tion  o f  
d ich lo ro m eth a n e  
(x 10"2 |iM)
Tail length  (pm)
Fig. 3.4 A 3D histogram of DNA damage in lymphocytes exposed to (a) chloroform and (b) 
dichloromethane.
102
Chapter 3 Development and validation of protocol for the comet assay as a
biomarker of DNA damage
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caffeine 
(x 106 pM)
Tail length (pm)
Fig. 3.5 A 3D histogram showing the distribution of DNA damage in lymphocytes after treatment 
with caffeine
The most severe DNA damage was observed after incubation for 90 minutes with 
dichloromethane and chloroform compared with 30 minutes for H2 O2 , and MNNG. 
The amount of DNA damage present at any one time point may reflect a balance 
between the dynamic processes of DNA damage and DNA repair. Of the discrete 
concentrations tested, the lowest levels producing significant increases in the DNA 
damage relative to control were: H2 O2 at 2.5 pM; MNNG at 0.68 pM; chloroform at
2.5 x 10*2 pM and dichloromethane at 2.0 x 1 O'2 pM. The cell viability exceeded 89 % 
for all the experiments except where the cells had been frozen at 
-60 °C in cell culture freezing medium, where the cell viability dropped 60-70 %.
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(a) Undamaged lymphocytes
(b) Damaged lymphocytes
Plate 3.1 (a) undamaged lymphocytes and (b) MNNG-induced damaged lymphocytes 
at x 25 objective.
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3.4 Discussion
As with any new technique, the alkaline Comet assay has its merits and its pitfalls. For 
the Comet assay to fulfil its potential as a hiomarker of DNA damage, in addition to 
the validation there is a need to establish its reliability and flexibility in order that it 
may be easily incorporated into the daily laboratory routine.
During the initial set-up, a number of problems were encountered, especially the 
adhesion of the first layer of agarose to the microscope slide. On a number of 
occasion the gel containing the precious cell sample was lost. Although fully hosted 
microscope slides were supposed to overcome this problem, they only offered a 
limited improvement. Increasing the gel setting time from 5 minutes to 10 minutes 
improved gel adhesion. Another problem encountered was variation in the agarose 
thickness. This was found to cause fluctuations in the image fluorescence intensity. 
Consequently the parameters which incorporated the fluorescence intensity into the 
calculation (LEM, CHM) were affected. These parameters also rely to a certain extent 
on the hardware system, i.e. if higher illumination were used the intensity would be 
increased.
Having resolved satisfactorily the problems likely to be encountered in the Comet 
assay, the next step was to determine the most sensitive parameter to assess the 
positive response. Although the manual method has been used efficiently (McCarthy 
et al., 1997), it is preferred (if the facility is available) to use an automatic image 
analysis system as the latter improves the sensitivity enormously. As discussed 
previously, uneven spreading of the gel often affects the fluorescence intensity, which 
is further affected by the uneven spread of the fluorescent dye (ethidium bromide).
As the various commercial image analysis systems are equipped with a wide range of 
parameters, calculated using many different methods, there is no standard method of 
presenting the results. This is further complicated by the use of many modified Comet 
assays currently in practice (McKelvey-Martin et al., 1993). Thus, comparing the 
results of different laboratories becomes an impossible task. A subtle change found in
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one experiment may pass undetected in another, possibly producing conflicting results 
for the same compound. Such a situation may lead to serious problems in the field of 
genotoxicity. A considerable weight of the experiment relies on the analyst. As the 
system is not automated, it is up to the analyst to identify the cells and score. It is 
therefore vital to work out a programme in order to avoid biased results.
In the current study all the cells were selected at random. A blind study was 
conducted by covering the labels on the slides which were revealed only after the 
analysis. All the cells from the edge of the slide were avoided and cells with prominent 
tail but lacking identifiable nucleus were considered to be dead cells and therefore 
avoided in agreement with the suggestion of Heilman et al. (1995).
The results in Table 3.2 were used to determine the most sensitive parameter to be 
used in this study. Both the median and the mean (± SE) were presented in the table. 
When the tail length values presented in Table 3.2 were compared to the 3D 
histogram (Fig. 3.1 a), it became evident that the median values related better to the 
DNA damage than the mean values (± SE). In fact the mean value gave misleading 
information. The mean values were 47.62 and 56.28 pm at concentrations of 10 and 
20 pM H2O2 respectively. This implies that there is a considerable difference in effect 
between these two concentration levels, whereas the median values of 41 and 41 pM 
do not show a significant difference. This reflects the DNA damage distribution of 
lymphocytes as observed from the 3D histogram presentation in Fig. 3.1a (10 p M -  
20 pM not significantly different at P<0.05). Parameters such as LEM and CHM 
showed a concentration-related response when the mean value was used and fail to 
show a similar response when the median value was used. Except at one 
concentration level of H2O2 (10-20 pM) for tail length, a concentration-related 
response was observed using the median value. At all concentrations the parameter, 
area, produced a concentration-related response using the median value. As the tail 
length is a commonly used parameter, the data could be used to compare with 
previous studies. Therefore in this study the tail length was used as the parameter of 
DNA damage.
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The area has never been used as a parameter in the Comet assay perhaps due to the 
difficulties experienced in calculating the area of a damaged cell. Neither CHM nor 
LEM calculated by CASys software (version 1) takes account of the tail length (see 
Appendix 1). Many workers have calculated the “tail moment” as the product of the 
tail length and the fraction of total DNA in the tail. Although this parameter may have 
some advantage compared with the tail length, only the updated version of the 
software which was not available during the study has the facility to calculate tail 
moment. Therefore a decision was made to use tail length as the parameter because 
this was more sensitive than other available parameters. The tail length was calculated 
from the leading edge of the cell, and therefore the control cells also had a non-zero 
value for the tail length, i.e. cell diameter. However, Ashby et al. (1995) has 
suggested that it is better to measure the trailing edge of the cell as values for control 
cells could not be obtained. Heilman et al. (1995) introduced a new parameter known 
as the “tail inertia”. This parameter is similar to the tail moment but provides more 
precise information regarding the distribution of individual DNA fragments within the 
tail. The facilities to measure tail inertia are available with more updated versions of 
the software. The use of the tail moment as a single assay parameter had originally 
caused concern because it does not relate directly to historical measures of DNA 
damage (Ashby et al., 1995). Many workers agree that the tail length is a valid assay 
parameter (McCarthy et al., 1997; Ashby et al., 1995).
The genotoxicity o f H ^ in  eukaryotic cells has been investigated in many studies and 
can induce chromosomal aberrations, gene mutations and DNA strand breaks 
(Anderson et al., 1994). H2 O2 readily penetrates the cellular membrane and once 
inside the cell, causes the generation of reactive oxygen species, like hydroxyl radicals 
produced through the transition metal-catalysed Harber-Weiss reaction. Prior to DNA 
damage, ROS have to overcome the cellular threshold of antioxidant capacity which is 
created by the presence of antioxidant enzymes and scavenger molecules. Kruszewski 
et al. (1994) proposed that the cellular sensitivity to H2 O2 depends on (a) the 
protective enzyme activity {e.g. catalase, glutathione peroxidase), (b) the extent of 
radical generation and (c) DNA repair rate and fidelity. It has been demonstrated that 
H2O2 induces DNA damage leading to mutagenesis, although it does not interact with
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DNA directly to produce oxidative lesions (Imlay and Linn, 1988). It is routinely used 
as a positive control in experiments requiring oxidative stress.
Many investigators using the Comet assay, have published their results by presenting 
the mean (± SE) (Table 3.2) or in the form of a barchart/line graph (Fig. 3.1 b) (Singh 
et a l, 1990; Tice et a l, 1990; Olive et a l, 1992; Kruszewski et a l, 1994; Duthie et 
al., 1996 Fortini et al., 1996; and Kasamatsu et al., 1996). Neither Table 3.2 nor 
Figure 3.1b shows the distribution of DNA damage in cells. However, Figure 3.1a 
shows the DNA damage to the cells and it is evident that it was not normally 
distributed. The distribution was skewed and the shape varied with the test agent 
concentration. The non-normal and variable distribution of DNA damage with 
concentration makes it inappropriate to include the mean and standard error, therefore 
the median was used. The assay detected clear concentration/response relationships 
for H2O2 . It is therefore preferable to present the results in the form of 3D histograms 
(Anderson et al., 1994; Plappert et al., 1995; Pfuhler et a l, 1996) rather than in a 
simple barcharts/line graph showing only the mean tail length. Presenting the data in 
the form of 3D histogram provides additional information, such as the pattern of 
damage to the DNA, which may significantly vary with the concentration of the 
genotoxic agent. The Comet assay has the advantage of providing information on the 
intercellular distribution of damage and repair. This advantage is lost if the data are 
presented as shown in Fig. 3.1 b. At 40 pM H2 O2 the increase in DNA damage was 
almost 40 % greater compared with the previous concentration level tested (Table 
3.2). The significance of differences was tested using the Kruskal-Wallis procedure, 
followed by the Mann-Whitney test for each pair of concentration levels. This 
revealed that in all cases there was a significant difference at the P<0.05 level, except 
between the concentration level of 10 pM-20 pM H2 O2 . This approach is a non- 
parametric version of one-way analysis of variance followed by pair-wise /-test and is 
more appropriate given the skewness of the tail length data. Such a non-parametric 
procedure is known to have good overall statistical power and subsequent to our 
decision to adopt it, this method has been proposed recently by Anderson et al. 
(1997).
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It is clear from the results, that storing stained lymphocytes in a humidified box at 
4 °C was not the best method. This not only resulted in inconsistent data for the 
treated samples (Table 3.3) but also showed an increasing tail length in the control 
samples over the storage period. This finding is not in agreement with the storage 
procedure suggested by McKelvey-Martin et al. (1993). Using the cell culture 
freezing medium, the untreated lymphocytes (stored at -60 °C for 2 weeks) showed 
an increase in tail length compared to the freshly isolated lymphocytes (analysed on 
the same day). The process of freezing and thawing disrupts the cell membrane and 
may influence the comet formation. However, the addition of BHT resulted in the 
reduction of DNA damage. BHT is an antioxidant and may play a vital role in this 
significant reduction of DNA damage. The two preferred ways of storing the 
lymphocytes without inducing DNA damage was shown to be (a) the overnight 
storage of the isolated lymphocytes in a humidified box wrapped in foil at 4 °C or (b) 
storage of the lymphocytes in the lysing solution for up to 120 hours. Although 
McKelvey-Martin et al. (1993) have suggested that the prolonged storage in lysing 
solution resulted in precipitation of the buffer, this was not evident during this study 
conducted for 168 hours. Recently Visvardis et al (1997) showed that the induction 
of DNA damage by exposure to H2O2 of cryopreserved human lymphocytes produced 
the same results as those obtained from freshly isolated lymphocytes. To score each 
slide takes 30 min, whereas the assay itself takes 4-5 hr, excluding the incubation 
period. Therefore processing all the slides from a large-scale experiment in one day 
will be a time consuming and laborious process. Hence storage methods such as these 
spread the workload considerably and make it possible to store lymphocytes which 
can be scored when required.
Five agents were tested (including H2O2), of which four produced a positive 
concentration-related response. The lack of understanding behind the mechanism of 
DNA damage and repair makes the results at a molecular level extremely difficult to 
interpret and little more than speculative. The results showed that the DMSO is 
incapable of inducing DNA damage at low concentrations used when MNNG was 
tested. DMSO tested at 1 % v/v on lymphocytes produced a negative result 
(McKelvey-Martin et a l, 1993 and references therein). MNNG, a known mutagen
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and carcinogen, induced a concentration-dependent increase in DNA single strand 
breaks at concentrations between 0.68 and 6.80 pM thus confirming the ability of 
MNNG to cause DNA damage at lower concentrations and the ability of the Comet 
assay to detect this. MNNG is a monofunctional direct-acting alkylating agent which 
targets guanosine bases. Hartman et al. (1995) also obtained a positive result using 
MNNG with slightly different conditions (incubation time of 120 min unlike 90 min 
used in this study) and using whole blood cells (excluding erythrocytes), at MNNG 
concentrations of 5 x 10"6 M. It should be noted that Hartman et al. (1995) expressed 
the values on the graph as 10"6M and in the text as 10"7 M. Whichever is correct, the 
concentrations used by Hartman et al. (1995) were lower than those used in the 
current study. Slamenova et al. (1997) recently reported that the Comet assay 
detected DNA damage induced by MNNG concentrations as low as 0.68 pM in 
agreement with the current study. Monofunctional alkylating compounds do not 
primarily induce DNA strand-breaks, rather they induce direct scission of the DNA 
backbone. Under alkaline conditions, MNNG-induced strand breaks are due mainly to 
endonuclease action and partly due to nucleotide excision repair from alkali-labile 
DNA adducts (Slamenova et a l, 1997).
Lymphocytes are prone to donor variations, being affected by factors such as age, 
level of physical activity, cell cycle status, oxidative stress, antioxidant status and 
smoking habits (De Meo et a l, 1991). The cell cycle of lymphocytes is not necessarily 
homogeneous and cannot be controlled. Olive et al. (1993) found that the cells at S 
phase {i.e. when an active replicate site is present) showed in the alkaline Comet assay 
more damage compared with cells at any other phase. Some damaged cells were in 
fact present in the untreated samples, but these could be artefacts related to conditions 
employed during the electrophoresis and/or reflect “normal” incidence of single strand 
breaks in the DNA.
Both chloroform and dichloromethane may be used in the decafifeination of tea in 
many laboratories (Fig. 3.4 a and b). As future studies would involve the use of green 
tea before and after decaffeination, it was essential to establish here the extent to 
which these solvents may damage DNA. It is interesting to note that a statistically
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significant difference (P<0.05) was observed with both solvents at all concentration 
levels. DNA damage was observed at concentrations as low as 2.5 x 10"2 \iM and 2.0 
x 1O2 pM for chloroform and dichloromethane respectively. Both these solvents 
produced this effect in the absence of an activation. Overall these chlorinated solvents 
induced significant DNA damage. Caffeine (1,3,7-trimethylxanthine) failed to produce 
a positive response in the presence and in the absence of activation at the 
concentrations tested (Fig. 3.4). In the current study at the highest caffeine 
concentration of 5.1 x 106 pM lymphocytes did not show DNA damage. Possible 
reasons for this negative result could be (a) at the concentrations tested no DNA 
damage was induced, (b) the lymphocytes were resistant to caffeine-induced DNA 
damage, (c) caffeine acted as an efficient promoter rather than an initiator of DNA 
damage (as Muller showed that caffeine significantly inhibited the repair but did not 
show if caffeine by itself induced any DNA damage Muller et al., 1996) and (d) the 
assay is not sensitive enough to detect DNA damage at the concentrations tested.
It can be concluded from this study that the validation of the Comet assay protocol 
was achieved using various genotoxic agents which produced a clear concentration- 
related response (H2 O2, MNNG, chloroform and dichloromethane). The tail length 
was chosen as the most appropriate parameter of DNA damage and it was evident 
that a 3D histogram would show a clear distribution of DNA damage in cells. 
Therefore the data of all future studies would be presented in a similar manner. A 
non-parametric test (the Kruskall-Walhs followed by the Mann-Whitney) was selected 
as appropriate statistical test due to the non-normal and variable distribution of cells. 
The study of the storage trial showed that the preferred way of storage would be (a) 
overnight storage of the isolated lymphocytes in a humidified box wrapped in foil at 
4°C or (b) storage of lymphocytes in the lysing solution for up to 120 hours.
In the following section the proposed mechanisms behind the formation of comets in 
the Comet assay has been discussed briefly. The formation of comets has been 
explained by (1) the dénaturation of DNA in the open loops-the DNA flame work 
becomes flexible, allowing fragments of higher order structure to be detached from 
the nucleus to form the tail and (2) release of supercoiling-the more loops that
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contain breaks, the more DNA would be present in the tail (McKelvey-Martin et al, 
1993). Although the Comet assay is sensitive to low levels of damage it may saturate 
at low levels (Slamenova et al., 1997). It is possible that as soon as all the DNA loops 
contain breaks, i.e. the tail is foil of DNA, there is no possibility of forther expansion 
of DNA into the tail, and the level at which this occurs is determined by the number of 
loops. However, the Comet assay is fairly restricted in the range of damage it can 
detect, as a result it shows a steep concentration-related response over that range. 
This makes it particularly precise as well as sensitive. Klaude et al. (1996) proposed 
that when the breaks are closely spaced, the strand will unwind completely, and is 
released as a single stranded fragment. However, if the breaks are far apart unwinding 
will cease before all the DNA has become single stranded, and therefore fragments are 
only partially single stranded. These partially single stranded fragments are bigger in 
size compared to the single stranded ones which inhibits their spread in the gel. 
Normal DNA is tightly packed and cannot move unless there are breaks in the 
molecule. Small pieces of damaged DNA therefore travel faster. Klaude et al. (1996) 
also observed that comets from the alkaline Comet assay were broader with more 
dispersed tails compared to solid comets from the neutral assay. This is also observed 
in the present study as illustrated in Plate 3.1.
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4.1 INTRODUCTION
Cooking of proteinaceous food such as meat and fish results in the formation of a 
series of heterocyclic aromatic amines (HAA) which have been found to be mutagens 
and carcinogens. The amounts produced depend on the type of food and the cooking 
conditions. Although the quantities of these compounds produced during cooking are 
low e.g. fiying produces ~ 20 pg/kg of HAA (Rowland and Anderson et al., 1989 and 
references therein), nevertheless they are still a cause for concern, as these compounds 
are amongst the most potent mutagens known. As HAA are consumed as part of our 
diet, they represent a potential risk factor for public health in the aetiology of human 
cancer (See section 1.10). The heterocyclic aromatic amine, IQ needs to be 
metabolically activated in order to exert genotoxicity. The metabolic activation could 
be achieved with Aroclor-1254 induced S9 mix. It has become evident that CYP1A2, 
closely followed by CYP1A1, is the most effective isoform in the activation of HAA 
(see section 1.10.4). Other CYP isoenzymes such as 2C9 (human liver), 2C11 (rat 
liver) and 3A4 (human colon) also show intermediate metabolic activity with HAA 
(Ovendk et al., 1995). Although the mutagenicity and carcinogenicity of IQ have 
been studied in many bacterial assays (see section 1.10.6) (Vikse et al., 1993; Bu- 
Abbas et a l, 1994a; Edenharder et al., 1995), not many studies have used mammalian 
cells, which are more relevant to humans. The Comet assay is a usefid tool in that it 
measures DNA strand breaks in single cells.
On the other hand, the commonly consumed beverage, tea, and its polyphenols have 
been shown using mostly bacterial mutagenicity assays (AUdrick et al., 1986; 
Edenharder et al., 1993; Weisburger et al., 1994) to inhibit the metabolic activation of 
many cooked food carcinogens and mutagens. Dietary components which are capable 
of reducing the potent effects of dietary carcinogens are potentially of enormous 
benefit to the human population. The green tea extracts as well as the individual 
components (gallic acid, catechin, EC, ECG and EGCG) were studied by the Comet 
assay to determine if there was any inhibitory effects against IQ induced DNA 
damage. The green tea and its components interact with specific enzymes {e.g. 
inducing selectively liver CYP1A1 and especially 1A2), which are thought to be
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responsible for activating and deactivating food mutagens/cacinogens (Stavric et al, 
1996).
The sensitivity of the Comet assay and its ability to show the extent of DNA damage 
in an individual cell, allows this assay to assess the genotoxic effects of food 
carcinogen/mutagen IQ, using human lymphocytes. Once the optimum experimental 
conditions were established and the test substance was found to be genotoxic a 
concentration-related response was determined.
In the present study, preliminary experiments were conducted to optimise 
experimental conditions. Incubation at 37 C allows the balance between the DNA 
damage and DNA repair of all viable cells to be measured, in accordance with the 
formation of strand breaks. The human lymphocytes were incubated with the test 
substance IQ for various times (at 37 C), and the difference in the DNA damage was 
assessed.
The next phase of the study was to determine if the sensitivity of the Comet assay 
could be increased through the incorporation of DNA repair inhibitor (aphidicolin) 
using human lymphocytes. It has been suggested by Gedik et al. (1992) that when the 
cells are incubated with the DNA repair inhibitor (aphidicolin), the DNA breaks 
should accumulate, thus amplifying the assay response. Based on this proposal, the 
current study was undertaken using the test compound IQ which was treated with 
aphidicolin and the effects were assessed using human lymphocytes.
In a comparative study, both hepatic S9 mixes from rat induced with Aroclor-1254 
and caffeine were used in separate studies to metabolically activate IQ and the effects 
were assessed by the Comet assay. It was hoped that IQ treated with hepatic S9 mix 
from rat induced with caffeine (inducer of hepatic CYP1A2) compared with hepatic 
S9 mix from rat induced with Aroclor-1254 (mainly induces hepatic CYP1A1) would 
result in a higher degree of DNA damage.
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4.2 METHODS AND MATERIALS
4.2.1 INCUBATION STUDY
The isolated lymphocyte suspension (150 pi) (see section 2.1.3.1) was incubated in a 
medium (PBS) containing the test substance (2.52 and 5.04 mM) IQ (Toronto 
Research chemicals Inc, Ontario, Canada) at 37 C for various time periods (30, 60, 
90, 120, 240, 390 min) and the total volume of the incubation mixture was made up 
to 1.5 ml. IQ was tested with and without activation system (S9) using cofactor 
NADP+ and glucose-6-phosphate (see section 2.1.3). Hepatic S9 mix 10 % (v/v) was 
incorporated into the incubation mixture. The samples incubated for shorter time 
periods were stored in the lysing solution until the final sample with the longest 
incubation time period completed the lysis process. The cell viability was determined 
using the Trypan blue exclusion test after the incubation process. The controls (1-4) 
and tests (5-6) that were used in this study are presented in Table 4.1. All six controls 
were tested at each different time period.
Table 4.1 Shows the controls and tests that were tested throughout this study 
Details of the sample IQ (in DMSO) DMSO* 1 % (v/v) S9 mix
1 — + —
2 — + +
3 - - -
4 — — +
5 + — —
6 + - +
* DMSO was used in the control because IQ was dissolved in this solvent.
4.2.2 CONCENTRATION RELATED RESPONSE STUDY
This experiment was carried out as previously described in section 4.2.1 using a range 
of concentrations of IQ (2.52, 3.78 and 5.04 mM) at 37 C and at the optimum time 
of 90 minutes (from study 4.2.1). The controls tested were as described in Table 4.1.
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4.2.3 THE EFFECTS OF APHIDICOLIN ON IQ
The experiment was carried out as previously described in section 4.2.1 with 
3.78 mM IQ and 1 pM aphidicolin (Sigma Chemical Company Ltd, Poole, Dorset, 
UK) incorporated in the incubation mixture. The controls tested were as described in 
Table 4.1 with, and without, aphidicolin. All the incubations were carried out at 
37 C for 90 minutes.
4.2.4 THE EFFECTS OF GREEN TEA EXTRACTS ON THE 
GENOTOXICITY OF IQ
The experiment was carried out as previously described in section 4.2.1. and the 
controls tested were as described in Table 4.1. An additional control was tested which 
comprised green tea extract 1000 pi (with, and without, activation system). Freshly 
brewed green tea (Gun powder; Whittard, Guildford, Surrey, UK) at 2.5 % (w/v) was 
used throughout the experiment (refer to section 2.4.2 for the details on the brewing 
of tea). All the tests were carried out at 37 C for 90 minutes. The content of 
incubation mixtures is summarised in Table 4.2.
Table 4.2 The composition of the incubation mixtures
Test Sample IQ (5.04 mM) S9 mix Green tea extract (pi)
1 + + 100
2 + + 300
3 + + 500
4 + + 800
5 + + 1000
4.2.5 A COMPARATIVE STUDY OF HEPATIC S9 MIXES FROM RATS 
INDUCED WITH CAFFEINE AND AROCLOR-1254 ON GREEN TEA 
EXTRACT AND IQ
The experiment was carried out as previously described in section 4.2.1 at 37 C for 
90 minutes. The controls tested were as in Table 4.1. The hepatic S9 mix from rats 
induced with caffeine (0.3 % v/v) used in this study was a gift from Dr. C. loannides, 
University o f Surrey, Guildford, Surrey, UK. Both hepatic S9 mixes from rats 
induced with caffeine and Aroclor-1254 were used in two separate studies to compare 
the effects on IQ and IQ with green tea extract. Both S9 mixes, were assayed to
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determine the enzyme activity (CYP1A1 and CYP1A2) as described in section 2.1.3.5 
and 2.1.3.6.
Table 4.3 The compositions of the incubation mixtures
Test sample Hepatic S9 mix 
from rats induced 
with Aroclor- 
1254
Hepatic S9 mix 
from rats induced 
with caffeine
IQ Green tea extract
1 + - + -
2 — + + -
3 + - - +
4 — + - +
5 + - + +
6 - + + +
4.2.6 THE EFFECTS OF VARIOUS GREEN TEA FLAVONOIDS ON THE 
GENOTOXICITY OF IQ
The experiment was carried out as previously described in section 4.2.1 and the 
controls tested were as described in Table 4.1. All the tests were carried out at 37 C 
for 90 minutes. Each test sample contained the flavonoids at a range of concentrations 
(Table 4.4) with and without IQ (5.04 mM) in the presence of activation system 
(hepatic S9 mix from rats induced with Aroclor-1254).
Table 4.4 The range of concentrations tested for various flavonoids.
Type of flavonoid tested__________ Concentration of flavonoid (pM)
Gallic acid* 0.36, 0.91, 1.81
Catechin* 0.55, 1.10, 2.22
Epicatechin* 0.22,0.55, 1.10,2.22
ECG** 0.35, 0.69, 1.38
EGCG** 0.13, 0.33, 0.67, 1.34
* Sigma Chemical Company Ltd, Poole, Dorset, UK
** Gift from Dr.M N. Clifford, University of Surrey, Guildford, UK
All the above experiments were repeated twice and the samples analysed in duplicate. 
The settings on the image analysing system were standardised throughout the study 
using integration factor 4, rather than the default setting of 0, with manual 
background detection level. As previously stated (Chapter 3) the statistical analysis 
took the form of the Kruskal-Wallis test, followed by the Mann-Whitney test.
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4.3. RESULTS
4.3.1 INCUBATION STUDY
The DMSO and DMSO-free controls, with, and without, activation system, did not 
show any significant (P<0.05) DNA damage for any incubation periods tested. IQ 
(5.04 mM) in the absence of activation (median of tail length 78.64 pm) showed a 
significant (P<0.001) increase in DNA damage relative to the DMSO control (median 
of tail length 29.88 pm). However, the extent of DNA damage observed for IQ with 
activation (median of tail length 93.98 pm) was much greater than without activation 
(median of tail length 78.64 pm). Hence it was decided to include activation system in 
the following IQ studies thus increasing the sensitivity of the assay and this would be 
comparable to a more realistic situation. The cell viability was between 85-90 % using 
the Trypan blue exclusion test. The DNA damage continued to increase (Fig. 4.1) for 
up to 90 minutes by which time it had reached a maximum. After 120 min it was 
observed that tail length had reduced and this continued to decline for up to 390 min. 
However, the decrease observed at 120 min was not significant (P<0.05) relative to 
the incubation period of 90 min. The DNA damage observed at all the time periods 
was significantly greater (P<0.0001) than the controls (median values shown in Table 
4.5). Although the experiment was carried out at two different concentrations of IQ 
(2.52 mM and 5.04 mM) only the results of 5.04 mM have been presented in a graph 
(Fig. 4.1). At both concentrations of IQ tested a similar pattern of DNA damage with 
time (maximum DNA damage at 90 min) was observed. It was therefore decided it 
would be sufficient to present just one set of results. In this particular study on IQ 
with human lymphocytes, the DNA damage seemed to exceed the DNA repair for the 
incubation period of 90 min. Control data were pooled and the median values are 
presented in Table 4.5.
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Table 4.5 Median values of the various controls tested 
Type of control tested Median value of the tail length (pm)
Control 1 (DMSO (+), S9 (-)) 29.88
Control 2 (DMSO (+), S9(+)) 31.81
Control 3 (DMSO (-), S9 (-)) 30.12
Control 4 (DMSO (-), S9 (+)) 30.89
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Fig. 4.1 3D histogram showing the DNA damage in IQ-treated lymphocytes after 
various incubation periods.
4.3.2 THE CONCENTRATION-RELATED RESPONSE OF IQ
As previously shown in Table 4.5 no significant differences were observed (P<0.05) 
between DMSO and DMSO-ffee control with, and without, activation. This effect 
was observed in all the studies carried out in this section. In the presence of activation 
a statistically significant (PO.OOOl) results were obtained at all the concentration 
levels of IQ (Fig. 4.2) relative to the control and between each treated group. When 
the concentration of IQ was increased there was an increase in the DNA damage as 
assessed by the tail length. As the tail length increased with increasing IQ 
concentration a clear shift in the distribution of cells to the right hand side of the 
graph was evident. The increase in DNA damage observed between IQ concentrations
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of 3.78 mM and 5.04 mM was much greater than the lowest two concentrations. 
Figure 4.2 shows that the distribution may be bimodal suggesting that there may be 
two (or more) subpopulations of lymphocytes differing in their susceptibility to the 
test substance.
DMSO
T a i l  l e n g t h  (g m )
Fig. 4.2 3D histogram showing a concentration related DNA damage in response of 
IQ-treated lymphocytes
4.3.3 THE EFFECTS OF APHIDICOLIN ON THE GENOTOXICITY OF IQ
No significant differences were observed between DMSO and aphidicolin control 
(with activation) at the P<0.05 level (Fig. 4.3). However, there were a small number 
of cells in the aphidicolin control which had a slightly longer tail length. This could be 
due to natural strand breaks present in the cell population. At 3.78 mM IQ the usual 
level of DNA damage was observed as shown in Fig. 4.2. The addition of aphidicolin 
(1 pM ) to IQ, however, resulted in a significant reduction (PO.OOOl) compared to IQ 
alone. The unusual effect of aphidicolin with IQ observed in this experiment will be 
discussed later.
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Tail length (|im) Type of treatm ent
Fig. 4.3 3D histogram showing the effects of aphidicolin on IQ-treated lymphocytes 
4.3.4 THE EFFECTS OF GREEN TEA AND IQ
Figure 4.4 shows the modulating effect of 2.5 % w/v green tea extract (GTE) at 
various concentrations. The IQ control showed the usual DNA damage at the 
concentration of 5.04 mM IQ (Fig 4.2). GTE alone did not induce any form of DNA 
damage and it was not significantly different from the DMSO control at the P<0.05 
level. It is interesting to note that the genotoxicity of IQ decreased steadily with 
increasing volume of GTE. Eventually a significant (PO.OOOl) reduction was 
observed relative to IQ alone at 1000 pi of GTE. There were statistically significant 
differences at the PO.OOOl level between the treated groups and the control. 
However, no significant difference was observed (PO.05) between 800 pi GTE and 
1000 pi of GTE.
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T y p e  o f  t r e a tm e n t
T ail l e n g th  (pm )
Fig 4.4 3D histogram showing the DNA damage in IQ- and green tea extract-treated 
lymphocytes
4.3.5 A COMPARATIVE STUDY ON HEPATIC S9 MIXES FROM RATS 
INDUCED WITH CAFFEINE AND AROCLOR-1254 ON GREEN TEA 
EXTRACT AND IQ
As before, when lymphocytes were treated with IQ (5.04 mM) and GTE (1000 pi) 
there was a significant reduction in the extent of DNA damage, but no significant 
difference was observed between the two S9 mixes (Fig. 4.5). Neither hepatic S9 
mixes from rats induced with Aroclor-1254 nor caffeine showed any significant 
difference (P<0.05) when treated with IQ alone at 37 °C for 90 minutes. The 
dealkylation of ethoxyresorufin (EROD) and methoxyresorufin (MROD) showed that 
pre-treatment of rats with cafteine increased the level of hepatic CYP1A2 (as assessed 
by MROD) and Aroclor-1254 pre-treatment increased the level of CYP1A1 (as 
assessed by EROD).
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Tail length (pm)
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Fig 4.5 3D histogram showing the DNA damage in IQ- and IQ+GTE-treated 
lymphocytes with hepatic S9 mix from rats induced with caffeine (CS9) and Aroclor- 
1254 (AS9)
4.3.6 THE EFFECTS OF GALLIC ACID ON THE GENOTOXICITY OF IQ
In the absence of IQ there were no statistically significant differences (P<0,05) 
between the DMSO control and the highest concentration of gallic acid tested. Only 
the results of 1.81 pM gallic acid are shown in Fig. 4.6. Some reduction in DNA 
damage on IQ treated lymphocytes was observed (Fig. 4.6) with increasing 
concentration of gallic acid (significant at P<0.01 level). At 0.36 and 0.91 pM  G A 
with IQ the reduction in DNA damage was heterogeneous unlike results obtained for
1.81 pM GA. However, the reduction in DNA damage observed in the presence of 
G A was not similar to that of the control samples.
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Fig. 4.6 3D histogram showing the DNA damage in IQ- and gallic acid-treated 
lymphocytes
4.3.7 THE EFFECTS OF CATECHIN ON THE GENOTOXICITY OF IQ
In the absence of IQ there were no significant differences at the P<0.05 level between 
the DMSO control and various concentrations of catechin. Only the results of 2.22 
pM of catchin are shown in Fig. 4.7. However compared with IQ control, a reduction 
in DNA damage was observed at 0.55 pM and 1.11 pM catechin (significant at 
PO.Ol). The most significant reduction (PO.OOOl) was observed at 2.22 pM 
catechin. At 2.22 pM of catechin, DNA damage induced by IQ was reduced but not 
completely abolished.
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Fig. 4.7 3D histogram showing the DNA damage in IQ- and catechin-treated 
lymphocytes
4.3.8 THE EFFECTS OF EPICATECHIN ON THE GENOTOXICITY OF IQ
As shown in Fig. 4.8, it is evident that there were no significant (P<0.05) differences 
in the extent of DNA damage between the DMSO control and epicatechin in the 
absence of IQ. Only the results of 2.22 pM is shown in Fig 4.8. At 
0.22 pM epicatechin, IQ-induced DNA damage was not significantly reduced 
(P<0.05) compared with IQ alone. However, at higher concentrations of epicatechin a 
significant reduction in DNA damage (P<0.001) was observed. Severe DNA damage 
was observed at concentrations of 0.22 pM, 0.55 pM and 1.10 pM of epicatechin+IQ. 
However, the reduction in the DNA damage observed at 2.22 pM of epicatechin was 
much greater than the reduction observed at of 1.10 pM. At an epicatechin 
concentration of 2.22 pM the effect of IQ was completely removed and the values 
were similar to those of the control samples.
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Fig. 4.8 3D histogram showing the DNA damage in IQ- and epicatechin-treated 
lymphocytes
4.3.9 THE EFFECTS OF ECG ON THE GENOTOXICITY OF IQ
The results in Fig. 4.9 show that in the absence of IQ there were no significant 
differences between the DMSO control and ECG. Only the results of 1.38 pM ECG is 
shown in Fig. 4.9. There were no significant differences between 0.35 pM  ECG+IQ 
and the IQ control. Interestingly, a significant (P<0.0001) reduction was observed at 
0.69 pM and 1.38 pM ECG, as the DNA damage induced by IQ was completely 
inhibited. Even the damaged cells present in the control group (31-40 pm) were 
absent when either 0.69 pM or 1.38 pM of ECG+IQ was included.
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Fig. 4.9 3D histogram showing the DNA damage in IQ- and ECG-treated 
lymphocytes
4.3.10 THE EFFECTS OF EGCG ON THE GENOTOXICITY OF IQ
Figure 4.10 shows the effect of various concentrations of EGCG on IQ-treated 
lymphocytes. In the absence of IQ it is evident from the results that there were no 
significant differences (P<0.05) observed between DMSO control and various 
concentrations of EGCG. Only the results of 1.34 pM EGCG is shown in Fig. 4.10. 
At the lowest concentration of EGCG (0.13 pM ) the IQ-induced DNA damage was 
similar to that of the control. However, at a higher concentration of 0.33 pM  EGCG, 
a significant reduction of DNA damage at the P<0.0001 was observed. The results 
show that EGCG at a concentration of 0.67 pM reduced the DNA damage 
considerably and at an EGCG concentration of 1.34 pM, the distribution of the cells 
was similar to that of the control.
Tail length (gm) s 8
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Fig. 4.10 3D histogram showing the DNA damage in IQ- and EGCG-treated 
lymphocytes
To assess the effects of both the solvent (DMSO) and activation (S9 mix) on 
lymphocytes it was necessary to include controls. The results in Table 4.5 confirm that 
there were no statistically significant differences between the four controls and this 
was also observed with all other studies in this section. As the controls had similar 
results it was not necessary to do a baseline correction. In vifro study in agreement 
with Anderson et al. (1997) showed that some significant DNA damage with IQ (5.04 
mM) was detected in the lymphocytes using the Comet assay even in the absence of 
activation. This implies that the lymphocytes to a certain extent are capable of 
activating IQ. In order for IQ to be metabolically activated it requires CYP1A1 and 
CYP1A2, which may be present in low levels in lymphocytes. Prostaglandin synthase 
(arachidonic acid-dependent) present in the microsomal fraction is also capable of 
metabolising IQ (Morrison, 1993) but is not clear if lymphocytes exhibit the 
arachidonic acid-dependent peroxidase activity like the colon and the bladder. As 
expected the extent of DNA damage without activation was not similar to that with
%5?
Tail length (pm)
C oncentra tion  
EGCG (mM)
4.4 DISCUSSION
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activation. Since no confounding results were observed with the control containing 
hepatic S9 mix alone, it was decided to use activation in all IQ studies. This will 
certainly increase the sensitivity of the assay.
The study showed that by increasing the incubation period from 30 min to 90 min, 
much greater IQ-induced DNA damage was observed. However, the increase in DNA 
damage induced by IQ was already significant at 30 min. This agrees with Anderson et 
a l  (1997) who observed that IQ-induced DNA damage was detected after incubating 
IQ with lymphocytes at 37 C for 30 min. Incubation at 37 C allows the balance 
between DNA damage and DNA repair of all the viable cells to be measured. At 120 
min the majority of the cells were significantly damaged. Incubation for longer periods 
(>90 min) may result in shorter tail length, which implies that some DNA repair has 
taken place. Kruszkewski et al. (1994) observed that longer incubation periods 
caused a reduction in tail length of cells treated with H2O2 . Figure 4.1 shows that 
from 120 min up to 390 min there was a decrease in DNA damage, indicating that the 
process of DNA repair might be taking place. It is also important to note that the 
results could be interpreted in terms of DNA repair instead of DNA damage. But 
there are indications that the process of excision repair in itself leads to strand breaks 
and causes DNA migration in the Comet assay (Hartman and Speit, 1995). The 
process of excision repair involves recognition of damage, incision near the damage, 
removal of the damaged stretch, polymerase filling of the gap and ligation of the two 
ends. Treating the cells at 0 C (on ice) inhibited the repair process (Meyers et al., 
1993). However, this would inhibit the activation system. The Comet assay could 
determine whether an agent may produce DNA strand breaks, but cannot measure the 
fidelity of the repair process.
A DNA repair inhibitor, such as aphidicolin, reduces the availability of essential 
nucleotide precursors, thereby inhibiting DNA oc-polymerase. This potentially 
produces shorter fragments (Stryer, 1988). Addition of aphidicolin to IQ results in the 
reduction of IQ genotoxicity as assessed by the Comet assay. Therefore the inclusion 
of this particular DNA-repair inhibitor as a method of increasing the sensitivity of the 
Comet assay would be of no value. The possible reasons for the lack of response
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could be that (a) the aphidicolin was not absorbed intracellularly and (b) aphidicolin 
interacted with the test compound or with other cellular components. Further work is 
required to investigate the use of this particular compound. These include (a) studies 
on various incubation time points, (b) the effect of hepatic S9 mix, (c) interaction of 
the test compound with DNA inhibitors, (d) its effects on human lymphocytes, (e) a 
broader range of aphidicolin concentration and (f) the use of other inhibitors such as 
guanazole, hydroxyurea. Much detailed study needs to be conducted perhaps with 
radio-labelled aphidicolin to assess its distribution and activity. However, Gedik et al.
(1992) found that treating UV-C irradiated HeLa cells with aphidicolin caused an 
accumulation of incomplete repair sites, to a level readily detectable even at low 
concentrations of the test agent. Recently Slamenova et al. (1997) reported that DNA 
repair inhibitor (cytosine arabinoside and hydroxyurea) at lower concentrations 
increased the level of MNNG-induced DNA breaks (a direct acting agent). Hartmann 
and Speit (1995) suggested that the excision repair itself induces strand breaks. 
Addition of aphidicolin will not prevent the accumulation of strand breaks through 
excision repair, because DNA process will occur after the action of excision enzyme, 
which would have produced the strand breaks. The current dearth of studies in this 
field prevents any firm conclusion made regarding the use of DNA repair inhibitors. 
More investigations are needed and it is not possible on the basis of the limited work 
done on this study to reach a firm conclusion.
The heterocyclic aromatic amine, IQ, produced concentration-related DNA damage. 
A study in America has estimated that the total daily intake of HAA is 26 ng/kg b.wt 
for a 70 kg man (Skog et al., 1995). In the current study, fairly high concentrations of 
IQ (2.52 and 5.04 mM) were necessary to obtain a positive response. This contrasts 
with Ames mutagenicity test which requires 0.05 pM of IQ to obtain a positive 
response (Bu-Abbas et a l, 1994a). The possible reasons for this could be that (a) the 
Comet assay is less sensitive than the Ames mutagenicity test, or (b) the mammalian 
lymphocytes (more relevant to human) are less sensitive than bacteria to IQ. Taj and 
Naranjan (1994) showed that human lymphocytes exposed to extracts of deep filed 
fish and mutton suffered a significant increase in DNA damage. Anderson et al. 
(1997) found that an IQ concentration of 630 pM (37 C for 30 min) produced a
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weakly positive response. It is important to note that a positive response obtained 
with IQ in vitro, does not necessarily relate to the in vivo environment therefore care 
should be taken in extrapolating the results. When IQ is metabolically activated it 
results in the production of IQ metabolites, possibly the JV-hydroxy metabolites which 
may cause DNA damage. Wakabayashi et al (1992) suggested that mutagenic 
compounds, such as IQ, which have a planar structure, may insert between the base 
pairs of double-stranded DNA thus causing DNA damage. Alternatively, Maeda et al. 
(1995) suggested that the mutagenic action of HAA could be mediated through 
cytochrome P450 reductase. This involves the formation of HAA radical which reacts 
with molecular oxygen to form superoxide (see Fig. 1.8).
It is essential to find dietary factors which modify the deleterious effects of “cooked 
food carcinogens/mutagens” (IQ). In the present study the potential effects of green 
tea at concentrations consumed by humans were evaluated against the dietary 
carcinogen IQ. At higher GTE levels the IQ-induced DNA damage was completely 
inhibited. These results are in agreement with those obtained from the Ames test using 
similar concentrations of GTE with a much lower concentration of IQ (0.05 pM) (Bu- 
Abbas et a l, 1995). Therefore the present results suggest that, although a high 
concentration of IQ was required to achieve a positive response in mammalian cells 
using the Comet assay, the concentration of GTE to abolish this was similar to that 
used in the Ames mutagenicity test. However, the inhibitory effect of GTE on IQ 
mutagenicity has been observed by many workers (AUdrick et a l, 1986; Bu-Abbas et 
al, 1994a; Weisburger et a l, 1994). Although the exact mechanism involved in this 
concentration-dependent inhibition is unknown, possible mechanisms include: (a) an 
inhibitory effect of some component or enzyme involved in the metabolic activation of 
IQ, (b) inhibition of formation of the ultimate carcinogen, (c) antioxidative capacity of 
the GTE (provided the theory by Maeda et a l (1995) is correct), and (d) direct 
interaction of the polyphenols present in the GTE with the ultimate carcinogen. A 
combination of the mechanisms fisted above is most likely. As shown from this in 
vitro study, GTE inhibits the effects of IQ. Therefore consuming sufficient levels of 
tea may help to prevent disease such as cancer.
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A comparative study, in which hepatic S9 mix from rats induced with Aroclor-1254 
and caffeine were used to metabolically activate IQ, produced no difference in 
response that could be attributed to the inducing agent (IQ, GTE and IQ+GTE). The 
dealkylation study demonstrated that hepatic S9 mix from rats induced with caffeine 
showed high CYP1A2 activity and hepatic S9 mix from rats induced with Aroclor- 
1254 showed high CYP1A1 activity. It was hoped that caffeine induced S9 mix with a 
higher activity of CYP1A2, the most efficient isoenzyme in activating IQ, would 
increase its activity compared to hepatic S9 mix from rats induced with Aroclor-1254 
and increase the DNA damage. The anticipated response was not achieved possibly 
because only one incubation period was studied, and both S9 mixes would have 
produced a similar metabolic response. It is also possible that other isoenzymes which 
are involved in the activation of IQ present in hepatic S9 mix from rats induced with 
Aroclor-1254 and not hepatic S9 mix from rats induced with caffeine, may explain 
this effect. In future studies it is necessary to study the metabolism at a broader range 
of incubation periods and with different cell types.
All the fravonoids tested showed a concentration-dependent decrease in IQ-induced 
DNA damage using the Comet assay. Generally the fravonoids are thought to be 
destroyed under alkaline conditions (Sugimura and Sato, 1983) and are found to be 
stable in neutral and acidic conditions. In the current study, using the alkaline Comet 
assay, the test substance and cell suspension were exposed to the fravonoids under 
neutral conditions, hence the fravonoids were not affected. All lymphocytes treated 
with fravonoids and hepatic S9 mix in the absence of IQ showed no form of DNA 
damage. Out of the five fravonoids tested, three completely inhibited IQ-induced 
DNA damage at the highest concentrations: namely EC, ECG and EGCG. However, 
ECG and to some extent EGCG completely inhibited DNA damage at the 
intermediate concentration level (0.69 pM ECG and 0.67 pM EGCG). However, a 
few cells showed a slight increase in the DNA damage at 1.34 pM of EGCG+IQ 
compared with the control cells. Gallic acid and catechin did not abolish completely 
the IQ-induced DNA damage at the concentrations used in the Comet study. 
However, DNA damage may have been inhibited at higher concentrations. Due to 
lack of time it was not possible to carry out further experiments. ECG (0.35 pM) +IQ
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produced DNA damage similar to that of the IQ control, whcieas 0.69 pM of 
ECG+IQ completely inlribited IQ-induced DNA damage and the values were 
comparable to those of the controls (Fig. 4.9). Similar results were also observed with 
EC at 1.10 pM and 2.22 pM, and with EGCG at 0.33 pM and 0.67 pM. AT 1.10 pM 
epicatecliin the maximum tail length observed was between 101-110 pm, wheieas a 
similar degree of DNA damage was observed with 2.22 pM of catechin. Therefore it 
is evident from these results that catechin is less efficient than epicatecliin in inhibiting 
IQ-induced DNA damage. There^was a 2-fbld magnitude diEerence in potency 
between catechin and epicatecliin, this difference in antioxidant potency may ielate to 
their stereochemistry. Although on visual examination the 2D structures of these 
compounds gives the impression that both compounds are planar, it is evident from 
Fig. 4.11 that these two structures are hi fact very different which may affect then 
antioxidant potency. In general ECG, EGCG and EC are more efficient in inhibiting
University of Surrey, Guildford, Surrey).
As flavanols constitute some of the major components of green tea, they have been 
considered as the most likely components responsible for the auticarcinogenic and 
antimutagenic properties of green tea. However recent studies from oui laboiatoy
speculation that flavanols are unlikely to be the principal antimutagenic component of 
black tea (Bu-Abbas et al. 1996) and possibly some other component is also
the DNA damage induced by IQ than GA or catechin at the concentrations tested. 
(+)-catechin
(_)_epicatechin
OH
of Dr.D.Lewis,
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Fig. 4.11 Approximate stereoscopic projections of flavanols (curtsey
have shown that black tea in vitro is equally effective as green tea as an antimutagen. 
Since black tea and green tea differ in their flavanol content, this has laised
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important in green tea. At least two mechanisms are involved in mediating the 
antimutagenic effects of green tea (a) inhibition of the cytochrome P450-dependent 
bioactivation of chemical carcinogens and (b) to lesser extent, scavenging of the 
reactive intermediates, thus preventing them from interacting with the DNA (Bu- 
Abbas et al., 1994a). The exact mechanism by which fravonoids inhibit HAA 
mutagenicity is not well understood. Recently Bu-Abbas et al. (1997) reported that 
fractions of green tea extract containing different levels of flavanols (EGCG, ECG, 
EGC, EC and GA) failed to show any antimutagenic effects against model mutagens 
such as Glu-P-1, benezo(a)pyrene, 7V-nitrosopyrrolidine and 2-amnioanthracene in the x  
Ames test. The results of this study is in contrast to our findings. However, Bu-Abbas 
et al. (1997) used fractions of aqueous green tea extracts to represent flavanols, 
which contrasts with the current study where pure fravonoids were investigated. 
Although in this study various dietary carcinogens were studied, e.g. Glu-P-1, the 
effects of IQ were not investigated. It has been shown that CYP1A2 is the most 
efficient isozyme in the activation of HAA to electrophilic species followed by 
CYP1A1 (Kleman et al., 1995 and references therein). Certain fravonoids which are 
inducers of CYP1A1 isozyme could either prevent, or enhance, IQ-induced DNA 
damage depending when they were incorporated in the assay. As the fravonoids were 
exposed simultaneously with hepatic S9 mix from rats induced with Aroclor-1254 it is 
bound to show a putative protective effect. If hepatic S9 mix from rats induced with 
green tea was incorporated, it may enhance the effect of IQ. This would increase the 
levels of CYP1A family isozyme which will metabolise IQ resulting in DNA damage 
(as anticipated with hepatic S9 mix from rats induced with caffeine). Bu-Abbas et al. 
(1997) reported that there were no correlations between the presence of the various 
flavanols in tea fractions and their ability to inhibit CYP1A and CYP2B activity, 
which is the principal mechanism of the antimutagenic action of green tea.
EGCG is the major constituent of green tea polyphenols and the amount in a cup of 
green tea ranges from 10-30 mg (Hayatsu et al., 1992 and references therein). In the 
current study a range of EGCG (0.13, 0.33, 0.67 and 1.34 p.M) and EC (0.22, 0.55, 
1.10, and 2.22 pM) concentrations were tested to observe their effects on IQ-induced 
DNA damage. EGCG and EC completely inhibited IQ-induced DNA damage at
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1.34 \lM and 2.22 pM respectively. Lee et a l (1995) reported that human plasma 
EGCG and EC concentrations were in the range of 0.09 pM-0.5 pM and 0.17 pM- 
0.28 pM respectively. Although some of the concentrations tested for these 
compounds were similar to those levels present in the plasma, the levels that were 
found to inhibit IQ-induced DNA damage completely were 2-fold higher for EGCG 
(1.34 pM) and 7-fold higher for EC (2.22 pM). The plasma concentrations observed 
by Lee et al. (1995) were due to the ingestion of 1.2 g of decaffeinated green tea 
(EGCG 88 mg, EC 32 mg, ECG 33 mg) in warm water (200 ml) after a two day 
period of abstention from tea or tea-related beverage. However, Nakagawa and 
Myazawa (1997) reported that EGCG concentrations in fasted rat were as high as
2.08 pM after a single oral supplementation of 56 mg EGCG. Unfortunately only 
limited data are available regarding plasma concentrations of fravonoids and one 
should take great care in interpreting/comparing in vitro results with in vivo 
observations.
Two mechanisms are discussed to explain the action of the fravonoids. These two 
mechanism involve EGCG and catechin. The possible mechanism of action may be (a) 
altering the cellular ability of mutagen intake so that certain mutagens are blocked 
from entering the cells, and/or (b) interaction with the ultimate mutagen. However, 
the exact mechanism is not well understood. Catechins are thought to act as 
antioxidants and scavengers of free radicals. It is therefore believed that catechins 
serve as electron acceptors directing the flow of electrons from NADPH away from 
CYP-P450, thus inhibiting CYP-P450 activity (Steele et al., 1985). Bu-Abbas et al. 
(1997) has suggested that the flavanols may contribute towards the ability of green tea 
to trap the reactive intermediates of certain chemical carcinogens. Therefore it is 
possible that the antigenotoxic effects of flavanols observed in our study are mainly 
due to this mechanism of action. However, Bu-Abbas et al. (1997) does not exclude a 
role for the flavanols in the anticarcinogenic potential of green tea.
Studies of compounds such as GA, catechin, EC, ECG, EGCG and IQ, to predict the 
behaviour of complex mixtures such as food products remains an issue of considerable 
concern. However, the study on the effects of green tea extract to some extent
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directly relates to a real life situation. The study of individual flavonoids evidently 
shows that the inhibitory effect could be due to (a) sum of all the components present 
in tea, (b) due to few components being more effective than others and (c) could be 
due to other components which have not been tested such as chlorophyll. Therefore it 
is the multitude of interactions between numerous components and their metabolites 
which will determine the hazardous or beneficial effects of a dietary component.
Finally, it is evident fiom this study that the maximum IQ-induced DNA damage was 
detected at 30 C for 90 minutes and a concentration-related response was also 
observed at these condition in the presence of activation. However, the DNA inhibitor 
aphidicolin failed to increase the sensitivity of the assay under the study conditions. 
Neither hepatic S9 mixes fiom rats induced with caffeine and Aroclor-1254 showed 
no difference in response to the inducing agents (IQ, GTE and IQ+GTE). It is clear 
from the data that under in vitro conditions GTE and its individual components were 
capable of inhibiting IQ-induced DNA damage in lymphocytes. EGCG and ECG was 
more effective in inhibiting IQ-induced genotoxicity than other fravonoids. As EGCG 
is the most abundant flavonoid in tea polyphenols, its anti-genotoxicity is of great 
interest and benefit to humans.
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5.1 INTRODUCTION
In recent years, there have been significant advances in the field of cancer research 
concerning the chemistry and biological action of various mushrooms and mushroom 
hydrazines. In this investigation the commonly consumed mushroom Agaricus 
bisporus (AB) was used. A number of workers have investigated the mutagenicity and 
carcinogenicity of agaritine, its metabolites and extracts of AB (Toth and Erickson, 
1986; Masumoto et a l, 1991; Papaparaskeva-Petrides et a l, 1991; Toth et a l, 1992; 
Hiramoto et a l, 1995; Shephard et al., 1995; Walton et a l, 1997) using various 
assays.
In this present study, the Comet assay was used to assess the genotoxicity of various 
metabolites of agaritine (a mushroom hydrazine; Fig. 1.10) and mushroom extract 
using human lymphocytes. Both raw and baked mushrooms were studied to determine 
the effect of heat on the ability of AB to induce genotoxic damage. As mushroom is 
often consumed in baked form {e.g. in pizza toppings) it is vital to observe its 
genotoxic effects in the heat processed state. Large amounts of agaritine have been 
found in AB (see section 1.11.3.1), as well as two related compounds 4- 
(hydroxymethyl)phenylhydrazine and 4-(hydroxymethyl)benzenediazonium ion 
(Hiramoto et al., 1995 and references therein). The enzyme y-glutamyltransferase, 
which is present in AB, can convert agaritine into L-glutamic acid and 
4-(hydroxymethyl)phenylhydrazine. The latter compound is then subsequently 
oxidised to 4-(hydroxymethyl)benzenediazoniumion (see Fig. 1.8).
The mycotoxin, ochratoxin A (OTA) is a natural contaminant of wide range of cereals 
in Western Europe, North America and in the Third World. OTA is synthesised by 
several species of Aspergillus and Pénicillium. Humans are exposed to OTA (a) 
through the consumption of contaminated plant foods or (b) through the consumption 
of meat from animals fed with mycotoxin-contaminated food (see section 1.12). The 
genotoxic status of OTA was controversial until 1985. Creppy et al. (1985) injected 
OTA intaperitoneally into mice and detected single strand DNA breaks in kidney, liver 
and spleen. This was further supported by Henning et al. (1991) and Manolova et al. 
(1990).
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In the current study the Comet assay was used to investigate the response of human 
lymphocytes to increasing doses of OTA. As mentioned previously the Comet assay 
has the ability to measure both strand breaks and alkali-labile sites in the DNA of 
individual cells. Toxicological studies have shown that OTA targets liver and kidney 
and therefore various activation systems using liver and kidney microsomal fractions 
as well as cytosolic fractions were included in the protocol.
5.2 METHOD AND MATERIALS
5.2.1 THE STUDY ON MUSHROOM AND ITS METABOLITES
The isolated human lymphocyte suspension (150 pi) was exposed to the following test 
agents (kindly donated by Dr.C.Ioannides, University of Surrey, Guildford, Surrey, 
UK):
(a) ethanolic extract 10 % w/v of raw mushrooms
(b) ethanolic extract 10 % w/v of mushrooms baked at 225 C for 10 min, and the 
water lost through baking was replaced during homogenisation
(c) (3-N-(y-L(+)glutamyl-4-hydroxymethylphenylhydrazine (agaritine*)
(d) 4-(hydroxymethyl)phenyl hydrazine made as N'-acetyl-4-(hydroxymethyl)phenyl 
hydrazine* (AHMPH).
(e) 4-(hydroxymethyl)benzenediazonium ion (HMBD*) made as tetrafluoroborate 
salt.
(* dissolved in phosphate buffer pH 7.4)
The incubation mixture containing lymphocytes and the test agent (at a range of 
concentrations) was incubated at 37 C for 90 minutes in a medium (PBS) made to 
1 ml. Only one incubation period was tested due to limited supply of the test agents. 
The test agents were assayed at the following concentrations:
(a) raw mushroom extract (10 % w/v): 0.1, 0.5 and 1 mg/ml;
(b) baked and raw mushroom extract (10 % w/v): 0.1, 0.5 and 1 mg/ml;
(c) agaritine: 0.37 pM (0.1 mg/ml), 1.83 pM (0.5 mg/ml) and 3.66 pM (1 mg/ml);
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(d) AHMPH: 0.64 pM (0.1 mg/ml), 3.21 pM (0.5 mg/ml) and 6.41 pM (1 mg/ml);
(e) HMBD: 0.28 pM (0.038 mg/ml), 0.33 pM (0.044 mg/ml) and 0.74 pM 
(0.1 mg/ml).
MNNG (6.80 pM) was used as the positive control in each of these experiments. 
Phosphate buffer (pH 7.4) and lymphocyte suspension was used as the negative 
control for test agents (c), (d) and (e). As ethanol, used in the extraction of test agent 
(a) and (b), may itself act as a genotoxin, it was necessary to have ethanol-containing 
(1 % v/v) and ethanol-free controls to determine if ethanol itself induced DNA 
damage at 1 % v/v. The cell viability was determined using the Trypan blue exclusion 
test.
5.2.2 THE CONCENTRATION-RELATED RESPONSE TO OCHRATOXIN A
Isolated human lymphocytes (150 pi) were exposed to a range of OTA concentration 
(0, 1.24, 1.73, and 2.48 mM). OTA (Aldrich Company Ltd, Gillingham, Dorset, UK) 
with and without various activation systems at 37 C for 90 min (only one time point 
was studied due to limited supply of OTA) in a medium (PBS) made to 1 ml. The 
following activation systems were incorporated into the incubation mixtures: (a) 
Aroclor 1254-induced rat hepatic S9 mix, (b) Aroclor 1254-induced rat hepatic 
microsomes, (c) rat kidney homogenate and (d) rat kidney microsomes. The activation 
system incorporated into the incubation mixture was 50 % v/v (a), (b), (c) or (d) (see 
section 2.1.3.4; the cofactor solution contained NADPH). Two positive controls were 
used, one comprised IQ (5.04 mM) with activation and the other MNNG (6.80 pM) 
without activation. MNNG was used as the positive control because concentration- 
related response studies reported in the Chapter 3 under similar conditions produced a 
positive response. DMSO (1 % v/v) was used as the negative control as OTA was 
dissolved in DMSO.
All the above experiments were repeated twice and the samples analysed in duplicate. 
The settings on the image analysis system were standardised throughout the study 
using the integration factor 4 rather than using the default setting of 0 with manual
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background detection level. As before (Chapter 3), the statistical analysis took the 
form of the Kruskal-Wallis test followed by the Mann-Whitney test.
5.3 RESULTS
5.3.1 RAW MUSHROOM EXTRACT (10 % W/V)
The Trypan blue exclusion test revealed that 84-90 % of the cells were viable. This 
was observed in all the studies described in this section. Figure 5.1 shows the extent 
of DNA damage (measured by the tail length) once the lymphocytes had been exposed 
to raw mushroom extract (10 % w/v). MNNG (6.80 pM) induced DNA damage, as 
described previously in Chapter 3 (Fig. 3.3). This effect was observed throughout all 
the mushroom studies in this section where MNNG was used as the positive control. 
There were no significant differences (P<0.05) between ethanol and ethanol-free 
controls. Only the ethanol (1 % v/v) control is shown in Fig. 5.1, and it is evident that 
ethanol does not induce DNA damage at the level tested. There were statistically 
significant differences (PO.OOOl) for all treated groups relative to the control but no 
significant differences (P<0.05) between 0.1 mg/ml and 0.5 mg/ml of raw mushroom 
extract (RME). There was a highly significant difference (P<0.0001) between 
0.5 mg/ml and 1 mg/ml of RME.
? 5 8 2
Concentration of  
(10 % v/v) raw 
m ushroom  extract 
(mg/m l)
Tail length (gm)
Fig 5.1 3D histogram of DNA damage in lymphocytes exposed to baked mushroom 
extract (10 % w/v)
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5.3.2 BAKED MUSHROOM EXTRACT (10 % W/V)
The baked mushroom extract was found to be appreciably less potent than the 
extracts of raw mushrooms (Fig. 5.1:5.2). It is evident from Fig. 5.2, between the 
concentration levels of 0.1 mg/ml and control (ethanol), that the DNA damage is only 
significant at the P<0.05 level. However, at the other two concentrations of BME 
tested (0.5 and 1 mg/ml), the differences from each other were significant at the 
P<0.0001 level. Moderate DNA damage was observed between 0.1 mg/ml and 0.5 
mg/ml of BME, which was significantly different from the control at the P<0.05 level. 
At a concentration of 1 mg/ml there were statistically significant differences in DNA 
damage (PO.OOOl) relative to 0.5 mg/ml of BME. In summary these results suggest 
that DNA damage was maximal at 1 mg/ml of BME.
Fig. 5.2 3D histogram of DNA damage in lymphocytes exposed to raw mushroom 
extract (10 % w/v)
5.3.3 AGARITINE
Agaritine was found to be less potent than both RME and BME. All agaritine-treated 
samples suffered fair amount of DNA damage (PO.05) than the control (Fig. 5.3), 
but it was not possible to demonstrate statistically significant differences between the 
treatments. However, at the highest dose, a small proportion of larger comets were
Tail length (ym)
Concentration of 
(10 % v/v) baked 
mushroom extract
(mg/ml)
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seen, suggesting that there is a shallow dose response which might become evident if 
the dose range was extended.
Tail length (pm)
3.66 Concentration
of agaritine 
(pM)
Fig. 5.3 3D histogram of DNA damage in lymphocytes exposed to agaritine.
5.3.4 N-ACETYL-4-(HYDROXYMETHYL)PHENYL HYDRAZINE 
(AHMPH)
At 0.64 mM (0.1 mg/ml) AHMPH no significant (PO.OOOl) difference in DNA 
damage was observed relative to the control (Fig. 5.4), however, at higher 
concentrations the response was significant (PO.OOOl). A concentration-related 
response was observed up to 3.21 jltM AHMPH (0.5 mg/ml). At the highest 
concentration tested, 6.41 mM AHMPH (1 mg/ml) no differences were observed 
relative to the previous concentration level of 3.21 ,wM (0.5 mg/ml) (not significant at 
PO.05 level). The results suggest that the DNA damage was progressive up to 
3.21 m M (0.5 mg/ml) AHMPH and possibly saturating thereafter.
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Fig. 5.4 3D histogram of DNA damage in lymphocytes exposed to N'-acetyl-4- 
(hydroxymethyl)phenyl hydrazine.
5.3.5 4-(HYDROXYMETHYL)BENZENEDIAZONIUM ION (HMBD)
Figure. 5.5 shows that HMBD induced DNA damage at much lower concentrations 
than the test agents studied previously (Figs 5.1. 5.2, 5.3, and 5.4). There were 
statistically significant differences between all HMBD treated groups and control at 
the P<0.001 level. The DNA damage increased progressively up to 0.33 mM 
(0.044 mg/ml) but there was no further increase (P<0.05) at 0.74 ,uM HMBD 
(0.1 mg/ml).
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Fig. 5 .5 3D histogram of DNA damage in lymphocytes exposed to HMBD.
5.3.6 EFFECT OF ACTIVATION SYSTEM AND CONCENTRATION- 
RELATED RESPONSE TO OTA
(a) Presence of activation system
No increase in baseline DNA migration was observed at 1.24 mM of OTA (Table 5.1) 
supplemented with various activation systems such as (a) Aroclor 1254-induced rat 
hepatic S9 mix, (b) Aroclor 1254-induced rat hepatic microsomes, (c) rat kidney 
homogenate and (d) rat kidney microsomes (not significant at P<0.05). IQ (5.04 mM), 
used as the positive control, induced DNA damage, as before (see Fig. 4.2) in the 
presence of Aroclor 1254-induced activation system (rat hepatic S9 mix). However, 
OTA at 1.24 mM induced significant DNA damage (P<0.0001) relative to the control 
in the absence of an activation system (Fig. 5.6).
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Table 5.1 Effect of activation system on lymphocytes treated with OTA
Type of treatment Median value (tail length (p m ))
Control 26.77
IQ (5.04 mM) and Aroclor 1254-induced rat 
hepatic S9
OTA (1.24 mM) and Aroclor 1254-induced rat 
hepatic S9 mix
26.40
OTA (1.24 mM) and Aroclor 1254-induced rat 
hepatic microsomes
27.09
OTA (1.24 mM) and rat kidney homogenate 27.30
OTA (1.24 mM) and rat kidney microsomes 27.04
(a) Absence of activation
Figure. 5.6 demonstrates that the human lymphocytes produced a concentration- 
related response when exposed to OTA in the absence of any activation system. There 
were statistically significant differences (PO.OOOl) between each OTA treated group 
and the DMSO control and also between adjacent groups (PO.OOl level). When 
lower concentrations (below 1.24 mM) were tested no increase in baseline DNA 
migration was observed. This therefore indicates that OTA-induced genotoxicity is 
only detected in the Comet assay above the concentration of 1.24 mM. MNNG (6.80 
pM) control produced positive results as shown in Fig. 3.3 (Chapter 3).
ÉZ 2.48
y  us
;/ 1.24 
DMSO
Concentration of 
OTA(mM)
Tail length (pm)
Fig. 5.6 3D histogram of DNA damage in lymphocytes exposed to OTA.
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5.4 DISCUSSION
In the following discussion the experimental results will be evaluated first then the 
literature available on the mechanism of action will be discussed. The aim of the 
current study was to observe the effects (DNA damage) on human lymphocytes of 
various agents present in mushroom extract. To allow comparisons with studies 
undertaken in Chapter 4, a 90 minutes incubation period was selected. Only one 
incubation period was studied in the absence of an activation system and no studies 
were conducted in the presence due to lack of time and limited availability of various 
mushroom compounds. However, Toth et a l (1992) and Papapareskeva-Petrides et 
al (1991) showed that the incorporation of a microsomal activation system in the 
Ames mutagenicity assay failed to increase the mutagenic response of mushroom 
extract however, Papapareskeva-Petrides et a l  (1993) suggested that activation using 
hepatic cytosolic fractions increased the direct mutagenic potential of mushroom 
extract. This was not observed when agaritine was tested in the present studies. 
Recently Walton et a l (1997) reported that hepatic microsomes which have very low 
y-glutamyl transpeptidase activity did not enhance the mutagenic response of agaritine 
in the Ames mutagenicity assay. This contrasts with rat kidney homogenate (high in y- 
glutamyl transpeptidase) which enhanced the mutagenic response. These studies 
suggest that had kidney homogenate been included in the current study genotoxicity 
of these compounds may have been enhanced.
In the current study both RME and BME induced DNA damage. The RME induced 
highly significant (P<0.0001) DNA damage at 0.1 mg/ml when exposed to the 
lymphocytes unlike BME at the same concentration. At the highest concentration of 
test agent 1 mg/ml BME induced far more DNA damage {i.e. comet with longer tail 
length) than RME. Recent findings indicate that the baked mushroom might act 
similarly to the raw mushroom with regard to cancer induction (Toth, 1995). The 
baking conditions used in this study (225 C for 10 min) were similar to those used in 
cooking {e.g. pizza toppings). The concentration-related response of both RME and 
BME may be due to the presence of the various mutagenic hydrazines and diazonium 
ion (and possibly due to some other undetected chemicals) of AB. The diazonium ion
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may exist in the mushroom extract because (a) it is stable and a normal mushroom 
constituent and released into the extract during homogenisation, or (b) it is formed 
chemically or enzymically from precursors (Ross et al., 1982b)
The importance of running a control is evident from Fig. 5.3. In this experiment DNA 
damage in the control was moderately greater than observed with other studies. A 
certain proportion of cells in the agaritine control group had tail lengths between 41- 
50 pm. It could be that a certain subpopulation of cells present in this study were in 
the phase of cell cycle that is more sensitive to DNA damage. Duthie and Collins 
(1997) reported that actively dividing cells were more prone to DNA damage than in 
confluent cultures. Alternatively, it could have been due to natural strand breaks. At 1 
mg/ml of agaritine a significant difference (P<0.05) was observed relative to the 
control. Nevertheless, agaritine failed to produce a concentration-dependent response. 
A weak genotoxic effect of agaritine (1 mg/ml) relative to the control was observed 
using the Comet assay. It will be interesting to study the agaritine levels intermediate 
between 0.1 and 0.5 mg/ml. Agaritine (Fig. 5.3) produced much less DNA damage 
than RME (Fig. 5.1), under similar concentrations.
Agaritine and its metabolites have been shown to be mutagenic in the Ames 
mutagenicity assay (Matsumoto et al, 1991 and references therein). However, the 
current study using the Comet assay suggests agaritine is genotoxic but not in a dose- 
dependent manner.
One of the agaritine metabolites, 4-hydroxymethyl phenylhydrazine, is a relatively 
unstable compound. However, by attaching an acetyl group it is stabilised and the 
acetyl derivative can be studied in biological experiments. Hence AHMPH was used 
and was found to produce a concentration-related response (P<0.0001) up to 3.21 
mM (0.5 mg/ml). Although at 0.28 mM (0.038 mg/ml) HMBD the response was 
concentration-independent, a concentration-dependent response was observed with 
higher (0.33 mM) HMBD levels. Even though the extent of DNA damage induced by 
AHMPH (Fig. 5.4) was extensive when compared with either HMBD or agaritine, it 
should be noted that the concentration of HMBD used was ten times less than both 
AHMPH and agaritine. Although the exact mechanism of action of HMBD has not
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yet been elucidated, it is plausible that the DNA damage observed in the Comet assay 
may be explained by the work of Hiramoto et al. (1995). They demonstrated that 
HMBD induced DNA single strand breaks and suggested that the active species is a 
carbon-centred 4-(hydroxymethyl)phenyl radical generated by the removal of 
molecular nitrogen from HMBD. The current study supports the findings of Hiramoto 
et al. (1995) even though human lymphocytes were studied using the Comet assay. 
All three compounds, agaritine, AHMPH, and HMBD produced much smaller comets 
than RME. HMBD occurs in a minute amount in AB but is known to be the most 
potent carcinogen (Toth, 1995). The ultimate carcinogen of agaritine is believed to be 
HMBD generated from the oxidation of the hydrazine, possibly by the cytochrome 
P450-dependent mixed function oxidase. However, Poole-Zobel et al. (1990) 
reported that RME was not mutagenic in the Ames mutagenicity assay or genotoxic in 
the micronucleus assay of mouse bone marrow cells. Poole-Zobel et al. (1990) 
considered the possibility that the mutagenicity of the RME represented nothing more 
than the presence of histidine artefact which interfered with the test. However, 
subsequent investigations using an histidine-independent bacterial strain confirmed the 
mutagenicity potential of RME (Gruter et al., 1991).
Many of the chemicals containing a nitrogen-nitrogen bond and belonging to the 
hydrazine and diazonium classes of compounds which are present in AB have been 
known to be cancer inducers. The exact biochemical mechanism of the cancer-causing 
action of the mushroom hydrazines and diazonium ions is presently unknown. 
Hydrazines are capable of generating carbon- , nitrogen- and oxygen-centred radical 
intermediates which may induce DNA strand breaks. Papapareskeva-Petrides et al.
(1993) proposed that the hydroxy radical (from H2O2) and superoxide anion in a 
metal catalysed reaction may play a role in the induction of a genotoxic response. 
These carcinogens may act by generating radicals which interact with DNA in the 
target tissues. This leads to miscoding, induction of mutations and activation of proto­
oncogens (Toth, 1995). To reach a definite conclusion on this subject more research 
is required. In the current study it has been shown that both RME and BME induce 
DNA damage. Therefore it may have been interesting to study boiled mushroom 
extract. Toth et al. (1992) has shown that boiling mushroom (20 min) only reduces
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the mutagenicity by half and significant mutagenicity was present in the aqueous 
extract. The relevance of these in vitro data to the in vivo manifestation of toxicity has 
not yet been proved, because the extent of metabolism of these compounds in vivo is 
unknown. From the available evidence it is clear that the majority of the DNA damage 
has been observed with RME (10 % w/v), BME (10 % w/v), HMBD, AHMPH and to 
a lesser extent with agaritine. In view of the genotoxicity of these compounds, further 
studies obviously are needed to clarify this field of interest. Although mushrooms do 
not appear to be a significant source of potent carcinogens, a weak genotoxicity 
cannot be ruled out by the above results.
The in vitro genotoxicity study of OTA by the Comet assay using human lymphocytes 
produced a positive response. A concentration dependent increase in DNA damage 
was observed with OTA at concentrations between 1.24 and 2.48 mM (Fig. 5.6). The 
concentrations at which OTA was genotoxic in this in vitro study were extremely high 
compared to OTA levels present in the human plasma {ca 0.5 nM ; Schlatter et al., 
1996). The relevance of these in vitro study results regarding the genotoxicity to 
humans still remains to be established.
OTA at 1.24 mM without activation induced DNA damage which was absent when all 
four types of activation systems were included. This could be because (a) direct acting 
parent compound was converted into inactive or only weakly active metabolites, (b) 
there was product inhibition of cytochrome P-450 thus preventing any genotoxic 
response, (c) the Comet assay was not sensitive enough to detect the effects of any 
residual or metabolised OTA and (d) the human lymphocytes may not be sensitive to 
OTA metabolites unlike cells fiom the target organs of OTA.
The positive results obtained with MNNG and IQ confirm the sensitivity of the system 
to both direct and indirect acting genotoxins, respectively. As the kidney is the main 
target organ of OTA toxicity in many species including rats, it was hoped that the 
treatment of human lymphocytes with either rat kidney homogenate or microsomes 
would result in enhanced genotoxic activity. OTA is metabolised by the main P450 
isoforms 1A1/1A2, 2B1 and 3A1/3A2 mainly to 4R and to a small extent to 4S 
metabolites of hydroxy OTA (Omar et al., 1996). The purity of the OTA used in the
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current study was unspecified, therefore the results may reflect the presence of 
impurities such as ochratoxin B (OTB) and the presence of benzene in the test 
material. However it seems unlikely that low concentrations of OTA impurities would 
enhance the positive results observed in the Comet assay. A mixture of 85 % OTA 
and 15 % OTB was reported to be mutagenic in the Ames test (Neal et a l, 1985 and 
references therein). The controversy on the genotoxicity of OTA has been clarified in 
the recent years (section 1.12). Although the exact mechanism of single strand breaks 
caused by OTA has not been elucidated, the mechanism proposed involves the 
induction of lipid peroxidation by OTA directly or by chelating Fe2+. This generates 
electrophilic flee radicals which are capable of forming adducts with nucleophilic 
groups (N-7 guanine) in DNA, thus resulting in single strand breaks (Rahimtula et al., 
1988).
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6.1 INTRODUCTION
Diet is established as a factor in human cancer, however, the extent of its contribution 
remains unknown (lidsay, 1996). Even though most of the toxic chemicals are ? 
present at low levels in food, they are often implicated as one of the causative factors.
As tea is a dietary component, it is important to evaluate its anticarcinogenic activity 
against food mutagens which are likely to be consumed simultaneously. It was shown 
in our previous in vitro study (Chapter 4) that green tea extract had a modulatory 
effect against the genotoxicity of IQ. The objective of the current short term, in vivo 
toxicological study (see section 1.2), was to investigate the modulatory effects of both 
green tea and decaffeinated green tea extracts on IQ genotoxicity.
An animal model plays an important role as in vivo test system in the identification of 
exogenous and/or endogenous agents which are involved in the enhancement or 
prevention of various stages of carcinogenesis. Among plant polyphenolics, flavonoids 
are of particular interest since they are ingested regularly with the normal Western 
diet to the extent of about 1 g per day. A review of tea consumption by the 
International Agency for Research on Cancer has found that there is inadequate 
evidence for the carcinogenicity in humans and experimental animals (IARC, 1991). 
Several authors have reported a anticarcinogenic action of green tea extracts against 
several food xenobiotics such as HAA (see section 1.9.5). Because of the recent 
consumer concern regarding the health effects of caffeine, decaffeinated green teas 
have been increasingly consumed and it is therefore necessary to study their effects in 
addition to green tea extract. However, still green tea consumption is much lower 
than black tea consumption in UK. More importantly, perhaps emphasis should be 
given to the effects of caffeine on flavonoid availability and the activity of CYP P450 
enzymes.
The cooking of proteinaceous food leads to the generation of HAA such as IQ (see 
section 1.10.2). IQ has been reported to be carcinogenic in animal bioassays (see 
section 1.10.6). IARC has classified several of the HAA as possible, and IQ as a 
probable human carcinogen and recommends a reduced exposure to these compounds
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(IARC, 1993). The availability of chemically synthesised cooked food mutagens has 
permitted an assessment of their toxicological activity in a variety of in vitro and in 
vivo studies.
As DMSO was used as a solvent in the previous in vitro studies (Chapter 4), it should 
be recognised that its use as a vehicle for in vivo studies is associated with certain 
pharmacological side effects. These include: (a) increased membrane permeability, and 
(b) inhibition of DNA synthesis (Barnes and Weiseburger, 1985). Although these 
effects are not known to be significant confounding factors in the study of IQ 
metabolism they are better avoided and therefore com oil was used, although this 
does not necessarily mean that com oil is fiee fiom all interfering factors.
Typically humans will consume low quantities of cooked food carcinogens during 
their lifetime and therefore a realistic dose response study must reflect this exposure. 
IQ studies in the literature often involve a high dosage, e.g. 20 mg/kg b.wt (Turesky 
and Marcovic, 1995) to 100 mg/kg b.wt (Kleman et al., 1993) to induce tumours. 
The current study was designed in such a way that the dose given was much less than 
these levels (1 mg/kg b.wt /day given by oral gavage for 14 days). However, this dose 
is still much higher than normal human exposure. Human exposure has been estimated 
at about 80 ng/kg b.wt/day (or 2 mg/kg b.wt/lifetime) (Rowland and Anderson, 1989 
and references therein).
The relationship between food and health is extremely complex, and biomarkers (see 
section 1.3) offer some exciting opportunities to overcome some of these problems. It 
is also important to remember that not all dietary constituents represent hazards. 
Many chemicals in foods are beneficial and some can modulate the effects of toxic 
chemicals. As biomarkers have been identified as one of the most promising 
developments in chemical risk assessment, a battery of complementary biomarkers 
were applied to the current in vivo study. The present trial study was undertaken 
using a small number of animals. This allowed the study conditions to be optimised 
prior to carrying out a large study.
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6.2 METHOD
Twelve male Wistar albino rats (100-120 g) were supplied by the Experimental 
Biological Unit at the University of Surrey and were randomly divided into six groups 
of two animals.
Prior to the study period the animals were fed on normal rat chow diet (GR3). On 
entering the study this was replaced with CIO diet (mixed “in house'-the composition 
of low phenol semi-synthetic diet is documented in Appendix 2). As many foods of 
plant origin contains flavonoids, it is necessary to minimise the “interference” arising 
from these compounds (i.e, phenolic content of the basal diet should be kept to a 
minimum). The six study groups are described in Table 6.1.
Table 6.1 The type of treatment used in this study
Group
label
CIO diet Com
oil
IQ in com Water 
oil
GT* DGT**
A 7 ........... 7 X ✓ X X
(water)
B ✓ ✓ X X ✓ X
(GT)
C ✓ X ✓ ✓ X X
(IQ/water)
D ✓ X ✓ X ✓ X
(IQ/GT)
E ✓ ✓ X X X ✓
(DGT)
F ✓ X ✓ X X ✓
(IQ/DGT)
*GT-Green tea; **DGT-Decafleinated green tea; IQ-2-amino-3-methylimidazo[4,5- 
/]  quinoline
IQ (in com oil) was administered to animals in groups 3, 4 and 6 by oral gavage at 
1 mg/kg b.wt daily for a period of 14 days. Groups 1, 2 and 5, which were not 
challenged with IQ, were given com oil (used as the vehicle for IQ) by oral gavage for 
the same period of time.
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Aqueous green tea extracts (2.5 % w/v) were prepared as described in section 2.4.2. 
Decaffeinated green tea extract was prepared by leaving 10 g of green tea in 500 ml 
of chloroform for a period of 12 hours and chloroform was removed by the end of 12 
hours. The decaffeinated green tea (2.5 % w/v) leaves were brewed as described in 
section 2.4.2.
Green tea and decaffeinated tea were given as the sole source of drinking fluid instead 
of water (group B, D, E and F). All the drink bottles were covered in aluminium foil 
to prevent exposure to light.
The animals were individually housed in metabolic cages during the test period, and 
were transferred to more spacious cages on the 5th and 10th day of the study. All 
animais were kept in temperature (22+2 C) and humidity (30-60 %) controlled 
rooms with free access to CIO diet and drink.
Food and drink (prepared freshly each day) were replenished at 24 hr intervals. The 
body weight changes, drink consumed and urine excreted were recorded on a daily 
basis. The urine was collected (on 24 hr basis) into an ice-cooled receptacle 
containing 1 ml of hydrochloric acid (1 M), to prevent bacterial degradation over the 
collection period. Each urine sample was filtered through Whatman No. 1 paper to 
remove hair and debris. The acidified, filtered urine was transferred to plastic sterilin 
universal bottles and stored at -20 C.
At the end of the study period (day 14) the animals were killed by cervical dislocation. 
Blood (heart puncture), colon, liver and kidney were removed for analysis. The liver 
and kidney were stored at -80 C for future studies.
6.2.1 TBA TEST
Malondialdehyde in the urine was used as an indicator of lipid peroxidation (refer to 
Chapter 2, section 2.2 for protocol). Each sample was analysed in duplicate (HPLC 
analysis also performed in duplicate).
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6.2.2 COMET ASSAY
Comet assay was used as an indicator of strand breaks and DNA damage using 
isolated lymphocytes (refer to Chapter 2, section 2.1 for protocol ). As this was an in 
vivo study it was not necessary to carry out the incubation process. The Trypan blue 
exclusion test was carried out to assess the viability of the isolated lymphocytes (see 
section 2.1.3.2).
6.2.3 ABERRANT CRYPT FOCI ASSAY
The aberrant crypt foci assay was used as an intermediate biomarker of colon 
carcinogenesis (refer to Chapter 2, section 2.3 for protocol ).
6.2.4 HPLC ANALYSIS OF URINARY METABOLITES OF GREEN TEA 
COMPONENTS
HPLC was used to identify urinary green tea metabolites (refer to Chapter 2, section
2.5 for protocol ). The urine profile chromatograms presented in this chapter are all 
corrected for the volume of urine excreted.
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6.3 RESULTS
6.3.1 GENERAL
w ater
170 - r  
160 
150 
3  140 -  
|  130 
120 
110 
100 -
0 5 10 15
D a y s(s)
IQ/w ater
170
160 -
150
140
130
120 -
110 -
100 4--1--14—I--k4---- 1-
0 1 2 3 4 5 6 7 8 9 1011 12 1314  
D ay(s)
K2/GT
170 T
160 -
150 -
S
z 140 -
•5 130
120 -
110 -L
100
4 5 6 7 8 9 1011 1 2 1 3 1 4
170 y
160
150 -
B
I
140
130 -
120 -
110 -
100
3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 40 1
D ay(s) D ay(s)
DGT K2/DGT
170 T
160
150 -
S  140
zO)
® 130
120
110
100
0 1 2 3 4 5 6 7 8 9  1011 1 2 1 3 1 4
170 T
160
150 -
B 140
zo>
|  130
120
110
100
0 1  2 3 4 5 6 7 8 9  1 0 1 1 1 2 1 3 1 4
D ay(s) D ay(s)
Fig. 6.1 Line graphs showing the weight distribution of various groups of animals 
during the 14 day study period.
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The animals at the beginning of the study weighed 100 to 120 g. Each value presented 
in the graph (Fig. 6.1) represents an average of two animals. Overall all the animals in 
groups A to F gained weight throughout the study period. However, the rate at which 
weight was gained among the groups were slightly different. Both groups A (com oil) 
and C (IQ) increased their weight by 40 and 47 % by day 14 respectively. This 
showed that the exposure to IQ did not affect their food intake (group C). Group B 
(green tea-GT) and D (GT+IQ) showed a decrease in weight for the first 4 to 5 days 
which was regained during the rest of the study. It may be that these two groups (B 
and D) needed the first few days to adjust to their new drink and diet. This pattern 
was also observed with group E (decaffeinated green tea-DGT) and F (DGT+IQ) 
although they only lost weight for the first few days prior to gaining weight. Generally 
the line graphs (Fig. 6.1) showed groups B, D, E and F gained comparatively less 
weight than groups A and C.
Although group A (Fig. 6.2) animals showed a normal pattern of drink consumption it 
is interesting to note that at times the animals appeared to drink -40 ml of water. This 
is most likely due to leakage from the drink bottles. As there were no drip collectors 
added to the cage it was not possible to account for the leakage. This effect was 
mainly found with group A. Even though the drink intake fluctuated from day to day 
it is evident (Fig. 6.2) that high drink consumption was often observed with Group A 
and C (both on water) and the low intake associated with the other four groups. 
When groups B and D were compared with groups E and F it is noticeable that the 
latter two groups are drinking far less. This low drink consumption by Groups E and 
F could have been due to the presence in the drink of solvent residues from 
decaffeination. Hence another small scale study was conducted to further examine this 
drink intake effect.
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Fig 6.2 Column graph showing the drink consumption of various groups of animals.
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In this study two animals were caged individually, and were given different diet and 
drink for a period of two days. A two day washout period was allowed before 
changing diet or drink. During the washout period they were provided with CIO diet 
and water. A system was built in order to collect any drip from the drink bottles. 
Figure 6.3 shows the type of diet and drink the animals were given and their intake 
recorded during the test period. It is evident from the data presented in Fig. 6.3 that 
green tea intake was not significantly different from water intake at the P<0.05 level 
(student /-test). However, decaffeinated green tea intake was significantly different at 
the P<0.05 compared with both water and green tea intake. This showed that the 
animals preferred water and green tea to decaffeinated green tea. Animals that were 
consuming decaffeinated green tea also had a low food intake.
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Fig. 6.3 Column graph showing the changes in (a)drink and (b) diet consumption.
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6.3.2 TEA TEST
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Fig. 6.5 HPLC chromatogram of TEP standard (retention time 3.17 min) and urine 
sample (retention time 3.25 min) after reaction with DETBA (MDA-DETBA adduct)
MDA levels were quantified by reference to a standard curve (Fig 6.4) constructed 
from TEP standard (Fig. 6.5). The identity and purity of the MDA-DETBA adduct 
from urine samples (Fig. 6.5) was confirmed by comparing the retention time (3.1-3.2 
min) and spectral data with those of the MDA-DETBA adduct prepared from TEP 
standard. There were no significant differences (P<0.05, student f-test) in the day 1
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urinary TEARS values among all six groups. For group A (com oil), TEARS values 
did not change appreciably between the three days tested (Fig. 6.6). Group B (GT) 
and E (DGT) showed a significant decrease in TEARS values at the P<0.05 level 
between day 1 and day 7. This implied that green tea and decaffeinated green tea may 
be involved in the reduction of the baseline TEARS values. Although an expected 
increase in these values was observed with group C (IQ) the differences were not 
statistically significant due to large variations within the samples. Group D (IQ+GT) 
at day 14 showed a significant drop in TEARS values compared with day 1. This once 
again implies that green tea was playing an important role in reducing the level of in 
vivo lipid peroxidation initiated by IQ intake. However, when the 14th day TEARS 
values of group C were compared with group D a considerable reduction was 
observed with the latter group. Although group F (IQ+DGT) TEARS values were 
reduced on the 7th day compared with day 1 it was not significant at the P<0.05 level. 
Therefore these results indicate that decaffeinated green tea may not be as efficient as 
green tea in modulating the effects of IQ.
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!  06 } 1
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Group
Fig. 6.6 Column graph showing the TEARS values for all six groups at day 1, 7 and 
14.
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6.3.3 COMET ASSAY
Both green tea and decaflfeinated green tea groups showed (Fig. 6.7) much less 
baseline DNA damage relative to the control. This suggests that both green tea and 
decaffeinated green tea may reduce natural strand breaks in the cells. Group C (IQ) 
showed a significant increase (PO.OOOl) in DNA damage compared with the control 
group. Green tea intake in group D reduced (significant at P<0.0001) the DNA 
damage induced by the genotoxin IQ. However, decaffeinated green tea did not show 
this effect (group F). The presence of solvent used in decaffeination or the absence of 
caffeine might have exacerbated the DNA damage.
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Fig. 6.7 3D histogram showing the DNA damage in lymphocytes of all six groups 
tested.
6.3.4 ABERRANT CRYPT FOCI
Aberrant crypts were not identified in any of the colons examined. The IQ dose of 
1 mg/kg.bwt/day (for 14 days) did not induce any form of abnormal cell growth in the 
colon which may have led to colon carcinogenesis.
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Plate 6.1 Methylene blue stained mucosa of whole mount colons (group C animal) 
observed under the light microscope (x40) magnification.
6.3.5 H PL C  A N A L Y S IS  O F  U R IN A R Y  M E T A B O L IT E S  O F  G R E E N  T E A  
C O M P O N E N T S
Although there were two animals per group, only one set of chromatograms has been 
presented as the two profiles were similar. The data presented have been corrected for 
volume of urine excreted. The first pail of the discussion focuses mainly on changes in 
the chromatogram over time within a group. A more detailed comparison across 
groups will follow. The peak numbers are consistent only within each figure and were 
assigned based on retention time and spectral analysis. Often at day 7 a number of 
urinary metabolites was observed compared with day 1. However, there was a drop in 
the amount of urine excreted on the 14th day. The scales of each chromatograms are 
not the same due to variations in the amount of urinary metabolites excreted (even 
after correcting for urine excreted). Chromatogram 6.1 clearly shows that peaks 1, 2, 
3, 5, 7 and 8 had increased on the 7th day relative to day 1. Since the animals had 
adapted to the new C 10 diet by day 7 this effect may be explained by the fact that they 
may have increased their food intake. There were also a number of new peaks (N) 
observed. It is possible as there was an increase in the amount of urinary metabolite 
excreted at day 7, more peaks were observed which may not have been obvious at day 
1.
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Chromatogram 6.1 Metabolites (at 280 nm) in urine of group A (animal A l) at days 
1, 7 and 14 of the study. Peak numbers used are only relevant to this figure. N are 
new peaks and those labelled i have increased relative to the preceeding sample.
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Comparing like with like, a greater number of peaks was detected in urine from group 
B (Chromatogram 6.2) animals, and those peaks common to group A urine were 
generally larger in group B. Some new peaks in the group B day 7 urine were also 
seen as new peaks in group A day 7 urine, but other new peaks were found only in 
group A day 7 urine indicating these were associated with the consumption of green 
tea extract. These new green tea-associated peaks have been marked N* in 
Chromatogram 6.2. However, unlike the other groups on day 14 a number of urinary 
metabolites were observed. The urinary profiles at day 7 and day 14 were very similar. 
Peaks 1, 2 ,3, 4, 5 ,6, and 8 increased at day 7 compared with day 1 levels.
When the urine of group C was analysed (Chromatogram 6.3) it was noted that peaks 
1-7 had increased at day 7 relative to group C day 1. All the new peaks were labelled 
N. Some of these new peaks are in common with group A and B but some are specific 
to group C. Much lower levels of metabolites were excreted by group C at day 7 
compared with group A or group B animals. The levels of urinary metabolites 
excreted at day 14 were much lower than day 1.
The Chromatogram 6.4 (Group D) showed that there was not much difference in the 
amount of urinary metabolites excreted between day 1 and day 7. Only peak 1 had 
increased in size at day 7 compared with day 1 (peak 1). Peaks 2 and 3 decreased in 
size whereas peak 4 remained almost the same at day 7 relative to day 1. There were a 
number of new peaks (N) identified which could have been due to the intake of green 
tea extract or IQ. At day 14 none of the metabolites which were identified at day 7 
were detected.
The analysis of urine from group E animals (chromatogram 6.5) showed an increase in 
peaks 1-3 and 7 at day 7 relative to day 1. The peaks marked N* (day 7) were 
common with group A (day 7) whereas as those marked N are new peaks compared 
with group E day 1. These new peaks were probably present due to the consumption 
of decaffeinated green tea extract. Once again hardly any peaks were detectable at day 
14.
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Group F (IQ+DGT) chromatogram (6.6) showed an increase in peaks 2-5 at day 7 
compared with day 1. Those peaks labelled N* were detected in group A, day 7 
sample. These peaks are more visible at day 7 compared with day 1 because much 
greater levels had been excreted.
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The objective of this part of the results is to compare chromatogram from different 
groups and determine peaks that can be associated with either green tea or IQ, or 
probably caffeine metabolism. The peaks that were detected in chromatogram 6.7a 
have been numbered from 1 to 22 (chromatogram 6.7a) and these numbers have been 
used consistently through chromatograms 6.7b-d. These assignments were made after 
careful visual comparison with some allowance for slight variation in retention time as 
the column aged, but more reliable matching would have been achieved by multiple 
spiking. In chromatogram 6.7b two new peaks (N) were identified which were 
specific to this group (not present in chromatogram 6.7c) and could be due to the 
consumption of green tea extract. Comparison of chromatogram 6.7b with 6.7c 
showed that peaks 1, 2, 7-9, 12, 16 and 18- 22 had decreased in size whereas peaks 
13, 14 and 17 increased. Two new peaks marked N* were found in chromatogram 
6.7b (GT) and since these were seen also in 6.7c (IQ/GT) are presumably derived 
from green tea components other than caffeine. Peaks marked N in chromatogram 
6.7c were found only in group C (IQ) urine sample and these peaks were not detected 
in chromatogram 6.7d (IQ/GT).
174
C h a p te r  6 A preliminary in vivo study of the modulatory effects of green tea extract
on the geiiotoxicitv of 10
( a)  A 1 D ay 7>
E 1000
900£
800
CN
700
60 0
500
400 21
300
<
202 00 2 2
10 0
65605540 45 5025 30 3515 201050
R e te n tio n t i m e  ( m i n )
>
E
(b)  B 1 D ay 7 
N P r e s e n t  o nly in B 
N * P r e s e n t  in b o t h
1000
900E
800
o
00
CN
700
6 00
500
400
300
<
2 0 0
21
10 0 20 2 2
6555 6045 502 0 25 30 35 40155 100
R e t e n t i o n  t i m e  ( m i n )
>
E
(c ) C 1 D ay  7
N P r e s e n t  o nly in C
N * P r e s  e n t  in bo th B a n d  E
500
E
400
300
20 0
o
<
21
10 0
2 0
65605540 45 5020 25 30 35155 100
R e t e n t i o n  t i m e  ( m i n )
>
E 10 0
(d)  D 1 D ay  7
N * P r e s  e n t  in B
N ** P r e s e n t  in B a n d  C
90
80
70
60
50
40
30
21
7/82 0 20 22
656045 50 5520 25 30 35 40155 100
R e t e n t i o n  t im e (m i n)
Chromatogram 6.7 showing the urinary metabolite profile of various groups of animals (a) 
group A (water), (b) group B (GT), (c) group C (IQ) and (d) group D (IQ/GT) at day 7.
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Chromatogram 6.8 showing the urinary metabolite profile of various groups of animals (a) group A 
(water), (b) group E (DGT), (c) group C (IQ) and (d) group F (IQ/DGT) at day 7.
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6.4 DISCUSSION
6.4.1 DIET
Group A and C animals gained the most weight. These two groups were given water 
and CIO diet. All the other groups were given either green tea or decaffeinated green 
tea instead of water. Groups B, D, E and F needed some time before they could adjust 
to their new diet and drink. In contrast to our observation, Tijburg et al. (1997) 
reported that food intake tended to be higher in rabbits receiving green tea compared 
with the control animals. Since all the animals have gained weight during the study 
period, it is clear that they were satisfied with their new type of diet. An essential 
criterion for an experimental diet is that it should be balanced to provide adequate 
nutrients for growth and maintenance. The animals were introduced to CIO diet on 
the first day of the investigation. This protocol did not allow them to adjust to the 
new diet. Therefore it was decided in future studies it would be better to allow the 
animals to adjust to the new diet for a period of one week prior to the investigation 
and record the food intake through out the test period.
6.4.2 DRINK
As there were large variations in the amount of fluid apparently consumed by group A 
it was considered appropriate to design a drip collector to rationalise this discrepancy. 
Avoiding these abnormal values obtained for group A, it was still observed that group 
A and C consumed the most fluid (Fig. 6.2). The animals consuming decaffeinated 
green tea (group E and F) drank less compared with animals on green tea (group B 
and D). As expected animals with low fluid intake excreted less urine. Those animals 
that were not consuming water required some time to adjust to their new drink. In 
order to determine if the animals had a preference to a particular drink (water, green 
tea or decaffeinated green tea) another study was carried out (Fig. 6.3), where the 
animals were given the option of different diet and drink. It was observed from this 
study that the animals were not affected when the diet was changed from normal rat 
chow (GR3) to CIO diet and when the drink given was green tea instead of water. 
However, they were reluctant to consume decaffeinated green tea compared with
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water and green tea. The low intake of decaffeinated green tea could be due to the 
presence of chlorinated solvents in the beverage. As it was not possible to purchase 
decaffeinated green tea at the time of this study it was necessary to use the usual 
method of decaffeination (chloroform). In future studies it is (a) vital to purchase 
decaffeinated green tea or (b) develop a new method of dcaffeination in order to 
remove all the residual solvent, (c) allow the animals time to adjust to the new drink 
prior to the study, although this will induce certain CYP P450 enzymes which may 
affect the metabolism of the test compound and use simple HPLC technique to assess 
the presence of residue solvent.
6.4.3 ANIMAL HOUSING
In the 14 day study the animals remained in the metabolic cage for 12 days and were 
only housed in the hanging cages on day 5 and 10. As the animals were housed in the 
metabolic cages throughout the study this may have caused stress, which could also 
have been induced by number a of other environmental factors {e.g. temperature 
fluctuation, excessive handling).
6.4.4 TEA TEST
Urinary TEARS reflect dietary intake as well as in vivo lipid peroxidation. Group A 
(control group) urinary TEARS values remained stable for all three days tested. 
Baseline urinary TEARS values ranged between 0.2-0.3 pg/100g b.wt/24 hr and, as 
expected were not significantly different between the groups (Fig. 6.6). Although the 
groups were treated at day 1 no significant differences were observed between 
groups, therefore no immediate (24 hr) change in in vivo lipid peroxidation was 
detected due to treatment. Group B (green tea) showed a significant reduction in the 
urinary TEARS values at day 7 and day 14 relative to day 1. It is therefore evident, 
that green tea lowered the baseline TEARS. As anticipated, exposing the animals to 
IQ resulted in an increase in the urinary TEARS values however, due to large 
variations among the samples, the increase was not statistically significant relative to
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the control. The urinary TEARS decreased significantly for the animals receiving IQ 
and green tea at day 7 compared with day 1. Therefore green tea, once again, reduced 
in vivo lipid peroxidation. The animals that were given decaffeinated green tea 
showed a significant reduction in TEARS at day 7 compared with day 1. However, 
the urinary TEARS values of those animals receiving decaffeinated green tea and IQ 
(Group F) were not reduced. Hence, decaffeinated green tea was less efficient in 
reducing in vivo lipid peroxidation compared with green tea. Daily intake of com oil 
itself would have increased the normal baseline TEARS values. The antioxidant 
constituents present in green tea extract may participate in chain-breaking reactions 
thus scavenging intermediate radicals of lipid peroxidation such as alkoxyl or peroxyl 
radicals.
6.4.5 COMET ASSAY
The tail lengths of lymphocytes in the control group were in the range of 21-50 pm 
which is larger than the normal range observed with human lymphocytes (21-40 pm) 
(Chapter 4). The green tea group showed that the majority of the cells had tail length 
values between 11-20 pm and very few cells were present in the next two ranges 
(Fig. 6.7). Therefore, once again, the green tea reduced the baseline DNA damage in 
the lymphocytes. The in vitro study (Chapter 4) showed that lymphocytes in the 
absence of activation system (Aroclor-1254 induced rat hepatic S9) induced DNA 
damage. In addition to enzymes present in lymphocytes, it is possible some liver 
metabolites (radicals) depending on their half life may reach the cells. Although a 
significant increase in DNA damage was evident with group C (IQ) compared with 
the control group, the extent of DNA damage observed in vivo was much less than in 
vitro (Chapter 4, Fig. 4.2). Under in vitro conditions at 1 mg/ml (5.04 mM) of IQ the 
human lymphocytes in the Comet assay showed maximum tail length values in the 
range of 181-190 pm compared with 51-60 pm in vivo (1 mg/kg b.wt/day for 14 
days). The large differences in the extent of IQ-induced DNA damage observed in 
vivo compared with in vitro could be due to (a) that lymphocytes were exposed to IQ 
directly under in vitro conditions, (b) that DNA repair would be efficient in the in vivo 
situation and (c) that although 1 mg/kg b.wt (in vivo) of IQ was given daily for 14
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days the lymphocytes may have been exposed to doses much lower than those levels 
used in vitro. This study therefore illustrates the difficulties associated with 
extrapolating in vitro data to the in vivo situation.
A significant reduction in DNA damage was observed with group D animals (IQ+GT) 
compared with group C, therefore green tea reduced the DNA damage induced by IQ. 
Alternatively, as reported by Ayalogu et al (1995) it could be that caffeine being 
essentially planar as IQ could be competing for the CYP 1A active site thereby 
preventing the metabolism of the xenobiotic. The decaffeinated green tea group 
(group E) showed a small percentage of cells having tail length values in the range of 
51-60 pm which was not observed in the control group. This suggests there is an 
increase in baseline DNA migration. The intake of decaffeinated green tea (group F) 
was not associated with reduction in IQ-induced DNA damage, therefore 
decaffeinated green tea in this situation did not seem to play a protective role in IQ- 
induced genotoxicity. It had been shown in the previous study (Chapter 3) that 
chloroform (solvent used for decaffeination) induced DNA damage in lymphocytes. It 
was intended, therefore, that chloroform used in the decaffeination process should be 
removed through evaporation and therefore would not play a significant role in 
inducing DNA damage. However, this may not have been the case and the residue of 
this chlorinated solvent may have prevented the inhibitory effect of green tea extract. 
Unfortunately the levels of chloroform in the green tea extracts were not determined 
using HPLC method due to lack of time.
In conclusion it is evident from the current study that IQ at 1 mg/kg b.wt administered 
by gavage daily for 14 days induced DNA damage in the lymphocytes and this could 
be reduced by the intake of green tea. The present study results suggest that IQ might 
pose a potential hazard to man. However, one needs to be cautious when 
extrapolating these results from rat to man.
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6.4.6 ABERRANT CRYPT FOCI
Aberrant crypts were not identified when group C (IQ 1 mg/kg b.wt) colons were 
examined or any other groups studied. This indicates that an IQ dose of 1 mg/kg b.wt 
administered daily for 14 days, did not induce abnormal cell growth in the rat colon. A 
number of studies have shown the benefits of green tea consumption in reducing the 
risk of stomach, lung and skin cancer (Chapter 1, section 1.9.3), but few data are 
available on the effect of green tea in reducing the risk of colon cancer (Xu et al., 
1996; Challa et a l, 1997). Unfortunately this was not evaluated in this study as IQ 
intake did not result in the formation of aberrant crypts. Those IQ studies carried out 
on rats where aberrant crypt foci were identified used much higher doses (e.g. 130 
mg/kg b.wt for 2 weeks on alternating days, Tachino et a l, 1995) and were 
considerably too far removed from reality to be appropriate in this study.
6.4.7 HPLC ANALYSIS OF URINARY METABOLITES OF GREEN TEA 
COMPONENTS
The HPLC study indicated that greater amounts of metabolites were excreted in urine 
at day 7 relative to day 1 and 14 (Chromatogram. 6.2). This trend was observed even 
after correcting for the volume of urine excreted and was similar among both animals 
in each group. A number of new peaks were identified at day 7 which were in 
common with other groups but were not evident at day 1. These new peaks were 
probably absent at day 1 but present at day 7 because (a) greater levels of metabolites 
were excreted at day 7 which were easier to detect and (b) high levels of these 
metabolites were expected on day 7 relative to day 1 due to prolonged exposure to 
CIO diet. The unexpectedly low levels of urinary metabolites observed at day 14 are 
hard to interpret. It is possible when low volumes of urine were produced some losses 
might have taken place during separation and collection from the metabolic cages. 
New peaks were observed in the urine from the green tea, IQ and decaffeinated green 
tea groups (Chromatogram 6.2, 6.3, 6.4, 6.5, 6.6 and 6.7). These new peaks 
determined are most likely to be green tea or IQ metabolites. Chromatogram 6.7 
showed that group A and B excreted larger amounts of metabolites than group C and
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D. Many of the peaks in the green tea group had decreased in size compared with 
group A. There were a few peaks that had increased such as peaks 13, 14 and 17. 
Many of the peaks (N*) present in green tea group (group B) were also present in the 
decaffeinated green tea group (group E). However, there were two new peaks 
(Chromatogram 6.7b, N) which were specific to the green tea group. These peaks 
could be metabolites of caffeine as they were absent in the DGT group 
(Chromatogram. 6.8b). There were six new peaks identified in group C which are 
specific to this group and are most likely to be IQ metabolites. Green tea metabolites 
present in Chromatogram 6.7b (GT) were also present in 6.7d (IQ+GT). None of the 
IQ metabolites specific to the IQ group were evident in group D (IQ+GT). Therefore 
green tea consumption may have resulted in the formation of sulphate or glucuronide 
conjugates which were not eluted under these HPLC conditions. However, in group F 
(IQ+DGT) one peak (Chromatogram 6.8d N**), which was specific to IQ group, 
was still present in this group. A new peak (N) was also identified which was not 
present in the DGT group or IQ group. There were a number of peaks identified in 
group F which were common with group E (DGT). Many decaflfeinated green tea 
metabolites were identified in group F (IQ+DGT) compared with green tea 
metabolites in group D (GT+IQ) which were fewer in number.
That green tea protects against IQ-induced carcinogenicity is by no means a novel 
idea. However, most studies reported in the literature have been carried out under in 
vitro conditions whereas the current study used a low phenol diet, much lower doses 
of IQ, and a battery of biomarkers. Overall, the biomarkers used in this study suggest 
that green tea plays a role in modulating IQ-induced carcinogenicity. Green tea may 
reduce or inhibit IQ-induced cacinogenicity by (a) inhibiting the enzymes which may 
activate IQ (CYP1A1 and CYP1A2) and/or (b) by scavenging reactive intermediates 
including reactive oxygen species. Maeda et al. (1995) reported that NADPH- 
cytochrome P450 reductase can metabolise HAA to free radicals, which are possible 
substrates for the various antioxidants in tea (Fig. 1.8). Bu-Abbas et al. (1994b) 
suggested that the antimutagenic activity of green tea towards IQ involved the 
inhibition of electron flow from NADPH to cytochrome P450, and at least one major 
component of tea, the compound (+)-catechin, is a competitive inhibitor of NADPH-
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cytochrome reductase. Consumption of naturally derived antioxidants such as green 
tea beverages and extracts may be an alternative and effective means of increasing the 
dietary intake of antioxidants. It has been estimated that the average daily intake of 
flavonoids by humans is 1 g while that of cooked mutagens is about 100 pg (Alldrick 
etal., 1986).
The results of administrating chemicals to animals in model studies need to be 
interpreted with care, as high doses of chemicals may overload the detoxifying 
pathways which will not represent the normal conditions. Humans are exposed to low 
levels of carcinogens during their entire lifetime unlike studies on animals where high 
doses are used to improve the statistical power of the study. This leads to 
complications that may influence the outcome. Therefore biomarkers could be used to 
assess dose or exposure in humans and from this assess risks to health.
The following improvements were identified from this study which should be taken 
into consideration in fixture studies:
• Allow the animals to be on CIO diet for a week prior to the study period in order 
for them to adjust to the new diet.
• Record food intake and faeces excreted on a daily basis.
•  Animals to be in the metabolic cages only on those days where urine (24 hr) was 
collected and at all other times in hanging cages as groups.
• Need to set-up drip collectors to avoid obtaining misleading information.
• In addition to urinary TEARS analysis, determine plasma TEARS
• All urine samples should be measured and diluted immediately after collection and 
made up to 25 ml.
• The urinary metabolites should be deconjugated to identify them as either 
glucuronidase or sulphatase conjugates using HPLC.
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7.1 INTRODUCTION
The data obtained from the previous in vivo study (Chapter 6) conclusively showed 
that green tea taken simultaneously modulated the effects of the carcinogen/mutagen 
IQ. The preliminary investigation was a pilot study to identify potential problems and 
allow optimisation of the study protocol. This investigation was carried out to confirm 
the preliminary results using the biomarkers cited previously. The current in vivo 
study was designed in a similar manner, but on a much larger scale with a higher dose 
of the test compound IQ. A higher dose of IQ was chosen to observe if (a) green tea 
is did modulate the effects of dietary carcinogen IQ, (b) there was any abnormal cell 
growth in the colon (aberrant crypt foci), (c) there was a treatment related increase in 
DNA damage (Comet assay) and TEARS values (TEA test), (d) there were any 
differences in urine and plasma TEARS and (e) there are any significant differences in 
urine profiles between different groups (HPLC). In in vivo studies, a single high dose 
of the test compound has often been administered because (i) there was a limited 
quantity of the compound available, (ii) to induce a positive response in order to 
assess the inhibitory effects of agents such as green tea and (iii) to obtain significant 
differences in the response between groups of animals. However, in this in vivo study 
a single, large dose was not used; instead a moderate dose was given on a daily basis 
for a period of 14 days. This more closely resembles the circumstances of human 
exposure.
7.2 METHOD
Twenty four male Wistar albino rats (100-120 g) supplied by the Experimental 
Biology Unit at the University of Surrey were randomly divided into four groups of 
six animals to improve the statistical power (two animals were used per group in the 
preliminary study).
The animals were fed rat chow (GR3) diet and this was later replaced with CIO diet 
(low phenol) for a period of one week prior to the 14 day investigation. During this 
one week period the rats were given water to drink and their body weight monitored
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on a daily basis. On the final day (day 7) the animals were transferred to metabolic 
cages and the 24 hour urine, faeces, food intake, drink (water) consumed were 
recorded. These measurements from the final day of the settling down period have 
been expressed as control or day 0 values in the corresponding graphs presented in 
the results section (7.3).
Table 7.1 The type of treatment used in this investigation
Group Com oil 
label
IQ in 
com oil
Water Green tea
A ✓........ " X ✓ X
(animal 1 to 6)
B S X X ✓
(animal 7 to 12)
c  x ✓ ✓ X
(animal 13 to 18)
D X ✓ X ✓
(animal 19 to 24)
The various groups studied are described in Table 7.1. IQ (in com oil) was 
administered to animals in groups B and D by oral gavage at 5 mg/kg b.wt daily for a 
period of 14 days. Animals in groups A and B were given com oil by oral gavage for 
the same period.
Aqueous green tea extracts (2.5 % w/v) were freshly prepared on a daily basis 
(section 2.4.2). Green tea was given as the sole source of drinking fluid instead of 
water to groups B and D. All the drink bottles and stoppers were covered with 
aluminium foil to exclude fight and to avoid drink contamination from the rubber 
stoppers.
The groups of animals were housed in hanging cages except at days 0, 7 and 14. On 
these days they were individually housed in metabolic cages. All animals were
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maintained at a temperature of 22+2 C and the relative humidity was 30-60 %. The 
Animals had tree access to CIO diet and drink.
Food and drink (prepared each day) were replenished at 24 hour intervals. The urine 
was collected on days 0, 7 and 14 in an ice-cooled receptacle containing 1 ml of 
hydrochloric acid (1 M) to prevent bacterial degradation. The volume of each urine 
sample was measured prior to filtering through Whatman No. 1 paper to remove hair 
and debris. The urine was diluted with distilled water and made up to 25 ml and 
transferred into plastic Sterilin universal bottles and stored at -20 C. The body 
weight, food intake, drink consumed, faeces and urine excreted at day 0, 7 and 14 
were recorded.
At the end of the study period (day 14) the animals were killed by cervical dislocation. 
Blood (heart puncture), colon, liver and kidney were removed for analysis. The liver 
and kidney were stored at -80 C for fixture studies.
7.2.1 TBA TEST
Malondialdehyde in the urine (day 0, 7 and 14) and plasma (day 14) was used as a 
measure of lipid peroxidation (refer to Chapter 2, section 2.2 for protocol). Each 
sample was analysed in duplicate (HPLC analysis also performed in duplicate). Both 
colorimetric (section 2.2) and HPLC (section 2.2) methods were carried out.
7.2.2 COMET ASSAY
The Comet assay was used as an indicator of strand breaks and DNA damage using 
isolated lymphocytes (refer to Chapter 2, section 2.1 for protocol). The Trypan blue 
exclusion test was carried out to assess the viability of the isolated lymphocytes (see 
section 2.1.3.2).
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7.2.3 ABERRANT CRYPT FOCI ASSAY
The aberrant crypt foci assay was used as an intermediate biomarker of colon 
carcinogenesis (refer to Chapter 2, section 2.3 for protocol ).
7.2.4 HPLC ANALYSIS OF URINARY METABOLITES OF GREEN TEA 
COMPONENTS
HPLC was used to monitor green tea metabolites in urine (refer to Chapter 2, section
2.5 for protocol). The urine profile chromatograms presented in this chapter were all 
corrected for the volume of urine excreted.
7.2.5 GENERAL
Data presented in the results section are the average of all six animals and each 
individual sample was analysed in duplicate. Generally, statistical analysis was carried 
out using student /-test (paired) with the exception of the Comet assay where the 
Kruskall-Wallis test was used followed by the Mann-Whitney test.
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7.3 RESULTS
7.3.1 DIET AND WEIGHT
Before the treatment period the animals had to be weaned off their normal rat chow 
(GR3) diet and introduced to the low phenol diet (CIO). This diet change to the CIO 
was introduced over a 7 day period. At the beginning of the weaning period the 
animals weighed 97-107 g. By the end of the week the animals weighed 111-123 g 
(Fig. 7.1) which suggests that the diet change did not affect their appetite. The 
IQ+GT group (Fig. 7. Id) gained the most weight whereas the green tea group (Fig. 
7. lb) gained the least. Although the standard error bars are presented (Fig. 7.1) they 
are too small to be seen with the type of scales used (use of larger scale will prevent 
all four graphs to be presented on one page) and this information is presented in lull in 
appendix III.
189
Chapter 7 An in vivo study of modulatory effects of green tea extract on the
genotoxicitv of IQ
(a) Control g r o u p
190 --
170 -
150 --
£
90
70 --
50
4 5 6 71 2 3
Time (days)
(b) G re e n  te a  g r o u p
190
170
_  150 
3
£  130 o>
90
70
50
6 71 2 3 4 5
Time (days)
(c) IQ g r o u p (d) IQ +G reen  t e a  g r o u p
190 -
170
_  150
3
£  130 -
90 -
70 -
50
3 51 2 4 6 7
190 -
170 -
3  150
X 130
90 -
70 -
50
6 72 3 54
Time(days) Time (days)
Fig. 7.1 Weight gain during the week of pre-treatment with CIO diet, (a) control
group, (b) green tea group, (c) IQ group and (d) IQ+GT group.
As expected all four groups of animals gained weight during the treatment period 
(Fig. 7.2). The IQ+GT group (Fig. 7.2d) gained the least weight (24 %, calculated by 
comparing the first and final day body weights) whereas the control group (Fig. 7.2a) 
gained the most (46 %). The weight of the IQ and green tea groups both increased, by 
37 and 38 % respectively.
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Fig. 7.2 Line graph showing the weight gain of animals during the test period, (a) 
control group, (b) green tea group, (c) IQ group and (d) IQ+GT group.
7.3.2 FOOD INTAKE
It is evident from Fig. 7.3 that the food intake was maximal on day 0 for all four 
groups. The food intake on average at days 7 and 14 was 12-17 g (Fig. 7.3). The 
lowest food intake of 12 g was observed at day 7 for the IQ+GT group (Fig. 7.3d). 
The IQ group of animals showed a stable food intake on all three test days. The food 
consumed by the animals in the IQ group (Fig 7.3c) was much greater than that of 
the control on those days monitored and even if it were lower on the other days IQ 
did not seem to stress and affect their normal eating habits.
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Fig. 7.3 Column graph showing the food consumption of various groups of animals 
on three days of the test period, (a) control group, (b) green tea group, (c) IQ group 
and (d) IQ+GT group.
7.3.3 FAECES VOIDED
Faeces voided on the test days on average ranged between 1.0 and 1.8 g (Fig. 7.4). 
There was a decrease in the amount of faeces voided on day 14 compared with day 0 
for both the control (Fig. 7.4a) and green tea group (Fig. 7.4b) whereas an increase 
was observed with the IQ+GT group (Fig. 7.4d). As was observed for the food 
intake, the amount of faeces voided remained fairly stable on each of the three test 
days for the IQ group (Fig. 7.4c). Overall the weight of faeces voided paralleled the 
amount of food consumed.
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Fig 7.4 Column graph showing the amount of faeces voided by various groups of 
animals on days 0, 7 and 14 of the test period.
7.3.4 DRINK
It should be noted, that on day 0 all animals consumed water and their intake varied 
between 16 and 22 ml (Fig. 7.5). The control group (Fig. 7.5a) and IQ group (Fig. 
7.5c) consumed more fluid (15-21 ml) on test days than the other two groups (Fig. 
7.5c and d) consuming green tea.
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Fig 7.5 Column graph showing the drink consumption of various groups of animals on 
days 0, 7, and 14 of the test period.
7.3.5 TBA TEST
7.J.J.7 Urmg TE/UtS
TEARS values were much higher using the colorimetric method (Fig. 7.6a) than the 
HPLC method (Fig. 7.6b). No significant differences were observed with the control 
urine TEARS values for all four groups of animals (using either method Fig. 7.6a and 
b). However, the green tea group and IQ+GT group showed a significant (P<0.005) 
reduction in the TEARS values on days 7 and 14 compared with day 0 using both 
HPLC and colorimetric methods but those on day 14 were not significantly different 
from those on day 7. It is evident that green tea (a) reduced the baseline urine TEARS 
values and (b) maintained this reduction even when the animals were challenged by 
IQ. Dosing the animals with IQ did not significantly increase the urine TEARS values, 
and the IQ group had urine TEARS values similar to the control group (HPLC and 
colorimetric method).
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(a) Urine TBARS values of various groups of animals as measured by 
the colorimetric method
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Fig. 7.6 Column graphs showing the urine TBARS values of various groups of 
animals as measured by (a) colorimetric and (b) HPLC method.
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7.3.5.2 Plasma TBARS
Using both HPLC and colorimetric methods it is evident that plasma TBARS values 
(day 14) were not significantly different for control, green tea and IQ+GT groups. A 
significant increase (PO.OOl) in plasma TBARS values was observed in the IQ group 
compared with the other three groups (Fig 7.7). The IQ+GT group showed a 
significant reduction in plasma TBARS values compared with the IQ group which was 
observed using both methods.
Plasma TBARS (day 14) values of various groups of animals 
as measured by colorimetric and HPLC methods
8 -r
7 --
6 --
E 5 --
£  4 -
I;:: □  HPLC
□  colorimetric
IQ+GTGT IQcontrol
TYPES OF GROUPS
Fig 7.7 Column graph showing the plasma TBARS values of various groups of 
animals measured by both colorimetric and HPLC methods.
7.3.6 ABERRANT CRYPT FOCI
Aberrant crypts were not identified in any of the colons examined. This indicates that 
administering IQ at 5 mg/kg b.wt daily for 14 days did not induce abnormal cell 
growth in the colon.
7.3.7 COMET ASSAY
The Comet assay detected extensive DNA damage in the lymphocytes from animals in 
the IQ group. This was significant (PO.OOOl) compared with all other groups (Fig.
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7.8). The maximum tail length observed in the IQ group was in the range 101-110 
pm. No significant (P<0.05) DNA damage was observed with the green tea group 
compared with the control group. Therefore this indicates that green tea did not 
elevate DNA strand breaks in lymphocytes above the level seen in the control group. 
Compared with the IQ group the IQ+GT group showed a significant (PO.OOOl) 
reduction in DNA damage producing levels similar to those seen in both control and 
GT groups. These data show that green tea given simultaneously with the dietary 
carcinogen IQ reduced the DNA damage as measured by the Comet assay.
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Fig. 7.8 3D histogram showing the DNA damage in lymphocytes of various groups of 
animals.
7.3.8 HPLC ANALYSIS OF URINARY METABOLITES OF GREEN TEA 
COMPONENTS
Peaks occurring in the test urine that were absent from the control were detected by 
visual inspection of the chromatograms. These peaks probably represented (a) 
metabolites of the test compounds and (b) metabolites formed due to the modulation 
of normal metabolism. Minor peaks indistinguishable from baseline noise were
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ignored as their analysis would not be reliable. Although the groups comprised six 
animals each, only one chromatogram of each group is presented in the results 
section. The one that was chosen to represent the group showed a common urinary 
profile with the majority of the animals in that particular group. To simplify 
comparison an effort was made to keep the scales constant between chromatograms, 
but this was not always possible. However, matching peaks on one chromatogram 
unequivocally with peaks on another chromatogram is not easy especially in this 
investigation. As the HPLC column ages, retention times tend to increase. Variations 
in retention time also arise through temperature fluctuations and wear of working 
parts especially when using a gradient system. The freezing of the urine samples at 
-20 C also introduces a measure of variation to the chromatographic profiles which 
is compounded by within-replicate sample variation. It is against this ‘"noisy” 
background that the extent of effects were observed. Clearly only major changes 
could be located with any degree of confidence.
Internal standards can be useful, especially where precise quantitative data are sought, 
but they are less help with retention time fluctuations on long and complex 
chromatograms. Indeed, it can be difficult to find a suitable substance that will never 
obscure an important peak in one of the treatment samples.
A potentially superior but time- and solvent-consuming alternative is to use mutual 
spiking, i.e. adding one sample to another. This procedure greatly increases the 
number of samples to be run and this magnifies the column ageing effect.
In this study it was decided to seek only major treatment effects and thus use the 
simpler and cheaper visual recognition approach. This approach is widely used and 
very effective when distinctive peaks or peak clusters are easily recognisable and this 
is most likely to be the case in the more complex chromatograms such as those seen in 
this study.
The key “peak clusters” were peaks eluting at 6 and 7.5 minutes, a cluster of 5 peaks 
eluting between 18 and 22 minutes, and an incompletely resolved pair of peaks at 26-
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28 minutes, which for reasons explained later will be referred to as “adaptation 
peaks”.
The numbering of the peaks is constant across chromatograms 7.1-7.4 but the labels 
“i”, “d” and “N” denoting an increase, decrease and a new peak apply only within one 
set, e.g. chromatogram 7.1, etc. The peaks have been labelled following visual 
analysis of individual chromatograms. Attention has been focused on major changes, 
initially within groups and then across groups.
Visual analysis of control group chromatograms 7.1 shows that many peaks, 
especially 2, 5-10 and 12 had decreased in size by the 7th day relative to day 0. By 
day 14 many of these peaks had decreased further (5-9) but peaks 10 and 12 had 
increased. This trend was common with the majority of the animals in that group. The 
appearance of four new peaks “N” at an appreciable size relative to the total 
chromatogram area, suggests metabolic adaptation with modulation of either 
endogenous enzyme systems and/or gut flora. The doublet eluting in the region of 26- 
28 minutes is very distinctive and provides a useful visual reference point in the 
chromatograms when comparing with the other experimental groups. These new 
peaks will be referred to hence forward as the “adaptation peaks” until such time as a 
better explanation becomes available.
Chromatogram set 7.2 is presented on a larger scale (x2) than set 7.1. This was 
necessary to accommodate larger peaks of day 7 and day 14 urines. One would not 
expect major differences at day 0 between this group and the control group and if 
allowance is made for the change in scale, then this is trivial in general across the 
group although there are detailed differences between individual animals. One would 
expect significant changes over the next 14 days due to the excretion of substances in 
the green tea extract and its metabolites. Such behaviour was seen for peak 11, 14, 15 
(probably a fused doublet) and 16 (22, 30, 31.5, 33.5 minutes). The distinctive 
adaptation doublet was again observed and increased on day 14 to a level some 6-7 
times that seen in the control group at day 14. The peak labelled “C” on days 7 and 14 
(not day 0) was eluted at a retention time similar to a caffeine standard.
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Chromatogram set 7.3 is presented using the same scale as set 7.2. The day 0 
chromatograms for the green tea group and the IQ group were very similar as would 
be expected. The two early peaks (6 and 7.5 minutes) and the quintet of 18-22 
minutes are quite distinct. There were two conspicuous new peaks evident by day 7 
which had fiirther increased by day 14 (23 and 26 minutes) and one more (38 min) 
evident only on day 14. Several peaks detectable on day 0 had increased appreciably 
by day 14 although some (peak 6) had showed intermediate fluctuation. However, the 
adaptation doublet at 7 and 14 days was feeble compared with the corresponding 
chromatograms for the green tea group but similar in size to that seen in the control 
group chromatogram 7.1. This might imply that the adaptation induced by the CIO 
diet and reinforced by the green tea extract is not reinforced by IQ exposure.
Chromatogram set 7.4 is presented using the same scale as sets 7.2 and 7.3 for day 0 
and day 7 but a larger (x2) scale for day 14 (x4 relative to day 14 of set 7.1). The day 
0 chromatogram for the IQ+GT group is very similar to those for the IQ and GT 
groups although the quintet of peaks at 18-22 minutes was noticeably reduced by day 
7 which was the case with the majority of the animals in that group. Compared with 
chromatogram set 7.3 (IQ group) the adaptation doublet at day 7 was much more 
conspicuous and virtually identical in size (and shape to that in set 7.2). However, by 
day 14 it was some 3-fold larger than was seen for the green tea group. The IQ- 
associated new peaks at 23, 26, and 38 minutes are again visible in the day 7 and day 
14 chromatograms. The green tea-associated peaks seen in set 7.2 were visible in set
7.4 at a similar size for day 7, but by day 14 they are some 2-4 fold larger.
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Chromatogram 7.1 Shows the HPLC urinary profile of control group on three 
different days of the study (days 0, 7 and 14).
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Chromatogram 7.2 shows the HPLC urinary profile of the green tea group on three 
different days of the study (days 0, 7 and 14).
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Chromatogram 7.3 shows the HPLC urinary profile of the IQ group on three different 
days of the study (days 0, 7 and 13).
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Chromatogram 7.4 shows the HPLC urinary profile of the IQ+GT group on three 
different days of the study (days, 7 and 14).
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To observe deconjugated metabolites which are less polar than the conjugated form, 
the chromatogram run time was extended. However, the chromatogram failed to 
show any new developments within the extended period and therefore the elution 
profiles have been presented only up to 60 minutes. For each urine sample, digestion 
was carried out with no enzyme activity (NE-control), no inhibition, i.e. 
glucuronidase and sulphatase (G+S), sulphatase inhibitor, i.e. only glucuronidase (G-
S).
COMPOUND CHANGES
X No changes in any system
X-glucuronide G+S original peak lost (new/increased X)
G-S original peak lost (new/increased X)
X-sulphate G+S original peak lost (new/increased X)
G-S no changes
X-sulphate/glucuronide G+S original peak lost (new/enlarged
peak X)
G-S original peak lost (new/enlarged
peak X-sulphate)
Enzyme treatments as outlined above were used further to characterise peaks in the 
chromatograms, in particular, those that were previously associated either with the 
consumption of green tea or IQ. The peaks eluting at 22 minutes (chromatogram 7.6- 
green tea group) showed no change in size with enzyme treatment. The peak eluting 
at 30 min (chromatogram 7.6) likewise showed no change after treatment of the day 7 
urine but, appeared to increase after treatment of the day 14 urine with both enzymes. 
This suggests it may be the aglycone of a glucuronide that accumulates largely after 
day 7 perhaps reflecting the induction of the relevant transferase enzyme. The leading 
peak of the unresolved doublet eluting at 31.5 min behaved in a similar manner to the 
peak eluting at 30 min and a similar inference may be drawn. The second peak in the 
doublet was affected less, possibly not at all. The peak eluting at 33.5 min behaved in 
much the same way as peaks eluting at 31.5 and 30 min.
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New peaks appeared as a result of full or partial deconjugation of the day 14 urine. 
That eluting at 38 min appeared only in the presence of active sulphatase and, by 
inference, is derived from a sulphate. That eluting at 50 min was produced in the 
absence of sulphatase activity and presumably had been formed by the cleavage of a 
glucuronide.
There seems to be little or no change in the peak eluting at 23 min (chromatogram 
7.7-IQ group) suggesting that it is not a conjugate, or that the conjugate was resistant 
to both glucuronidase and sulphatase under the prevailing conditions. The peak 
eluting at 26 min is clearly removed when the urine was treated with sulphatase but 
was not altered by glucuronidase. This is very clearly seen in chromatogram for the 
day 7 urine but also occurred after treatment of the day 14 urine. The peak eluting at 
38 min (day 0) was removed by both enzyme treatments and therefore did not require 
sulphatase activity, implying that this peak is a glucuronide.
The IQ+GT group chromatogram (7.8) shows the deconjugation of the IQ-associated 
sulphate eluting at 26 min and the IQ-associated glucuronide eluting at 38 min in both 
the day 7 and the day 14 urine. The green tea-associated peak eluting at 50 min and 
deduced to be derived from a mixed conjugate was clearly seen to form after 
treatment of both the day 7 and day 14 urine. The green tea-associated peak arising 
from deconjugation of a sulphate and eluting at 38 min (7.6) is not evident in 7.8.
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Chromatogram 7.5 shows the HPLC profiles of urines from three days (0, 7 and 14)
after digestion with enzymes.
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Chromatogram 7.6 shows the HPLC profiles of urines from three days (0, 7 and 14)
after digestion with enzymes.
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Chromatogram 7.7 shows the HPLC profiles of urines from three days (0, 7 and 14)
after digestion with enzymes.
209
Chapter 7 An in vivo study of modulatory effects of green tea extract on the
genotoxicitv of IQ
& 21 
E
O  2 0 0  -
L z v —'
IQ+GT gro u p - D a y  0
Reten tion  time (min)
IQ+GT g r o u p - D a y ?
Glu
I
'AalJl fl/'A/y..*
NE
A_ _ _
>  7 0 0
Reten tion  time (min)
Glu IQ+GT g r o u p  D a y  14
NE
>  7 0 0
E 6 0 0
Uu!
2 5  30
Reten tion  time (min)
0
Chromatogram 7.8 shows the HPLC profiles of urines from three days (0, 7 and 14)
after digestion with enzymes.
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7.4 DISCUSSION
7.4.1 DIET, WEIGHT, FOOD INTAKE AND FAECES VOIDED
Generally, the treatments did not alter food intake, weight gain and faeces voided to 
an appreciable extent therefore other differences are not secondary to these.
The rat chow diet (GR3) consists of various vegetable extracts and may activate 
certain phase I and phase II enzymes. Feeding the animals on low phenol diet such as 
CIO diet may also modify these enzyme levels, but to a different extent. Low levels of 
these enzymes may in turn modify test compound metabolism As the animals were 
fed a low phenol diet it may be assumed that the flavonoid intake was solely from 
green tea consumption.
In the current study, green tea and the test compound IQ were given simultaneously 
in contrast with other studies (Bu-Abbas et a l, 1994a & b) in which green tea was 
given prior to IQ and may have induced certain enzymes facilitating activation of IQ.
7.4.2 DRINK
The current study shows that, although the fluid intake was at accepted levels in all 
groups of animals, there was still a preference for water over green tea. However, no 
statistically significant differences were observed. Unfortunately it was not possible to 
allow the animals to adjust to the new drink (green tea) as this may have induced 
certain enzymes such as CYP 1A1 CYP 1A2 and UDP-glucuronyltransferase (Sohn et 
al, 1994) which may subsequently have affected the metabolism of the test compound 
IQ. Under these circumstances it is essential to interpret the results with care as green 
tea may not only afford protection, but also exacerbate the mutagenicity of IQ which 
relies on the CYP 1 family for activation. To prevent such confusion it was decided to 
administer green tea and IQ simultaneously.
In general, the trends observed with body weight and fluid intake were similar to 
those observed with the preliminary study. However, since the animals were allowed 7
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days to adjust to the new diet a linear increase in weight was observed during the test 
period in the current study compared with the preliminary investigation. Also the 
introduction of the drip collectors eliminated inconsistent results for fluid intake. 
Recordings of the parameters food intake and faeces voided provided additional 
information.
7.4.3 TEA TEST
7.43.1 Urine TEARS
Both the colorimetric and the HPLC measurement of TEARS produced a similar 
trend for each group of animals, although the colorimetric TEARS values were higher 
than those obtained with the HPLC method. Higher values are obtained using the 
colorimetric method since several compounds other than TBA-MDA adduct absorb 
at 540 nm when treated with TEA, e.g. amino acids, PUFA and carbohydrates. The 
HPLC method separates the TBA-MDA adduct. It is possible that some of the 
materials interfering with the measurement of the MDA-DETBA adduct might have 
originated from the reaction of other lipid peroxidation products with DETBA. If 
these are identified and isolated by HPLC they might also prove useful as a biomarker 
of lipid peroxidation. The TEARS values serve as a crude index of in vivo lipid 
peroxidation.
Using the colorimetric method, the control TEARS values ranged between 
0.25-0.38 pg/100 g b.wt/24 hr whereas the HPLC method produced values between 
0.20-0.25 (ig/100 g b.wt/24 hr. Although the use of the colorimetric method may 
provide a measure of TEARS values it is not as specific as the HPLC procedure. 
Slightly higher TEARS values (0.5-0.8 pg/lOOg b.wt/24hr) were observed by 
Quartley (1996) using a similar HPLC procedure, however, this observation was 
made with a female Lister Hooded rats. Therefore it is vital to have a baseline TEARS 
values in each experiment in order to monitor changes with treatment. No significant 
differences were obtained among the control day urine values of each group. The 
current study indicates that consumption of green tea extract has antioxidant activity 
in rats in vivo. There was a significant reduction in the baseline TEARS values due to
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the consumption of green tea as observed with the green tea and IQ+GT groups. 
Myagawa et a l (1997) showed that the addition of green tea extract in vitro did not 
inhibit the formation of the peroxidative by-product, malondialdehyde. Also the 
addition of tea polyphenols, especially EGCG and ECG, did not inhibit the formation 
of peroxidative by-products in the cells that had been incubated with xenobiotics. This 
suggests that the protective effect of green tea and tea polyphenols may not be related 
to the prevention of lipid peroxidation. However, an in vitro observation does not 
necessarily relate directly to the in vivo situation. No change in urine TEARS values 
were determined due to IQ exposure. The TEARS values obtained for the IQ group 
in the preliminary study (1 mg/kg b.wt for 14 days) was much higher (0.6 pg/100 g 
b.wt/24 hr) than in the current study (5 mg/kg b.wt for 14 days) and the IQ group in 
the latter study had TEARS values similar to the control group. Although much 
higher TEARS values were obtained in the preliminary study for the IQ group, it was 
noticed that there were large variations between samples and no significant increase 
relative to the control were observed. The TEA test of urine TEARS showed no 
significant increases in lipid peroxidation in vivo in the IQ group relative to the 
control group and therefore no treatment related response was observed. From these 
studies it is evident that (1) as indicated by urine TEARS values, IQ did not induce a 
significant increase in in vivo lipid peroxidation, (2) the assay may not be sensitive 
enough to measure the small changes that may exist between groups and (3) urine 
TEARS is not the best biomarker to determine in vivo lipid peroxidation.
7.43.2 Plasma TEARS
Interestingly, in contrast to urine TEARS values, plasma TEARS values showed (a) a 
significant increase in the IQ group relative to the control and (b) a significant 
reduction in the IQ+GT group relative to the IQ group. The plasma TEARS measure 
in vivo lipid peroxidation at a particular point in time whereas urine TEARS measure 
lipid peroxidation averaged over a continuous time period during which urine was 
collected (24 hr in this case). Urine TEARS might therefore be thought a better index 
of lipid peroxidation. IQ was administered to the animals 24 hours before plasma 
collection, therefore the increase in TEARS observed with the IQ group reflects in 
vivo lipid peroxidation after 24 hr of exposure to IQ. This still does not alter the point
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made earlier, that plasma TEARS reflect a snapshot of one time period. However, 
these results show that plasma TEARS is a much more sensitive index than urine 
TEARS values. Plasma TEARS includes lipid hydroperoxides and therefore more 
oxidative events.
Generally, plasma TBRAS reflects the peroxidation status of the diet as well as events 
initiated in vivo (Quartley, 1996). Hence plasma TEARS may also be affected by the 
feed/fasted state at the time of sampling. However, urine MDA excretion is also 
reflects of MDA intake from the diet. Thus similar to plasma MDA, urine MDA is 
also a reflection of dietary intake as well as in vivo lipid peroxidation. It must 
therefore be assumed that dietary intake of oxidized lipids and MDA or its derivatives, 
remains constant when MDA is used as a biomarker of in vivo lipid peroxidation. The 
current study shows that green tea not only reduces the baseline TEARS but also 
modulates IQ-induced in vivo lipid peroxidation. These results are in agreement with 
Yokozawa and Dong (1997) where it was reported that the green tea extract 
markedly delayed peroxidation in a do se-dependent manner using the TEARS assay. 
In the same study the authors proposed that green tea extract containing phenolic 
constituents probably acted as chain-breaking antioxidants scavenging intermediate 
radicals of the lipid peroxidation cascade such as alkoxyl and peroxyl radicals. 
Quartley et al. (1994) also reported antioxidant activity of green tea in vivo using 
Listar Hooded rats.
7.4.4 ABERRANT CRYPT FOCI
As with the preliminary study, aberrant crypts were absent from the colon of all the 
animals examined. This indicates that even at an IQ dose of 5 mg/kg b.wt (14 days) 
no abnormal cell growth was observed in the colon. This could mean that IQ 
administered at the levels used in the current study was incapable of inducing 
detectable early signs of colon cancer, or that this is not a sufficiently sensitive 
biomarker of preneplastic changes indicative of colon carcinogenesis. As stated 
previously most of the studies in the literature have used a much higher IQ dose, e.g. 
130 mg/kg b.wt (on alternating days for 2 weeks) (Tachino et al., 1995) or single IQ
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dose (for 24 hr; Xu et a l, 1996) to induce aberrant crypts. It would be unwise to use 
such high doses to obtain a positive response, since humans are not exposed to these 
levels in their lifetime. The human exposure to IQ has been estimated as 80 ng/kg 
b.wt/day (or 2 mg/kg b.wt/lifetime) (Rowland and Anderson 1989 and references 
therein). Challa et al. (1997) reported that green tea reduced the incidence of 
azoxymethane induced aberrant crypt foci and Xu et al. (1996) demonstrated that 
F344 rats exposed to green tea extract (2 5%  w/v) and IQ (50 mg/kg b.wt) for 8 
weeks protected against the formation of aberrant crypt foci. The possible mechanism 
of action for this protective effect was either due to (a) the inhibition of enzymes 
which activate IQ and/or (b) the scavenging of reactive intermediates (Xu et 
al.,1996).
7.4.5 COMET ASSAY
The Comet assay showed a significant increase in DNA damage in the IQ group 
compared with the control group. This indicates lymphocytes are capable of activating 
IQ and this has been shown previously under in vitro conditions (Chapter 4 and 
Anderson et al., 1997). The Comet assay is a sensitive biomarker because it shows a 
treatment related increase in DNA damage. In the current study (5 mg/kg b.wt) the 
extent of DNA damage observed (tail length) was in the range of 101-110 pm, 
however, in the preliminary (1 mg/kg b.wt) investigation it was in the range of 61-70 
pm. The green tea group and the control group did not show any significant 
difference in DNA damage. The results of the IQ+GT group showed a modulatory 
effect of green tea against IQ-induced DNA damage. The Comet assay in the present 
study shows that green tea is playing an important role in reducing the extent of DNA 
damage. Leanderson et al. (1997) demonstrated that green tea polyphenols inhibited 
the formation of DNA single strand breaks in cells exposed to oxidants. It is therefore 
possible that the ability of green tea polyphenols to inhibit DNA single strand breaks 
might contribute to the antimutagenic properties of green tea. The mechanism behind 
this anticarcinogenic effect are not known although it has been shown that green tea 
extract are able to prevent the metabolic activation of carcinogens, inhibit tumour
215
Chapter 7 An in vivo study of modulatory effects of green tea extract on the 
genotoxicitv of 10
promotion and cell proliferation, and act as agents that induce antioxidant or phase II 
enzymes (Leanderson et al., 1997).
7.4.6 HPLC ANALYSIS OF URINE GREEN TEA METABOLITES
In the control group (chromatogram set 7.1) it was evident that a number of peaks 
were reduced in size on days 7 and 14 relative to the day 0 control. Although such 
fluctuations were not expected, no explanation is available other than to suggest day 
to day variation in the composition of the diet, the animals metabolism, etc. which 
could not be better controlled than in this study where there was no intentional change 
in treatment or environment were made. The presence of new peaks and the reduction 
in the other peaks in chromatogram 7.1 could be due to the modulatory effects of (a) 
endogenous enzymes and/or (b) gut flora.
In the green tea group a number of peaks increased in size on days 7 and 14. These 
increases must relate to the consumption of green tea. The adaptation doublet (26-28 
min) was increased on day 14; this could be explained by greater induction of phase I 
and phase II enzymes consequent upon exposure to green tea compared with that 
arising from exposure to the CIO diet. The peak labelled “C” identified as caffeine 
was excreted unchanged in large quantities on day 7 and day 14.
However, with the IQ group (chromatogram set 7.3) a number of peaks were 
increased as was observed in the green tea group (chromatogram set 7.2) on days 7 
and 14. The difference in the adaptation doublet at 7 and 14 days compared with the 
corresponding chromatograms for the green tea group and control group, implies that 
the adaptation induced by the CIO diet and reinforced by the green tea is not 
reinforced by IQ exposure.
In the IQ+GT group (chromatogram set 7.4) a number of new peaks were identified. 
Some of them were common to either the IQ or green tea group (N**/N***/N****). 
The adaptation peaks were very similar to those in the green tea group and had 
increased considerably by day 14.
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From these chromatograms it has been possible to locate certain peaks associated 
with the consumption of green tea (22, 30, 31.5 and 33.5 min) and others associated 
with IQ (23, 26, and 38 min). There is evidence also of adaptation to the CIO diet 
over the 3 weeks of exposure illustrated by the increase in size of the poorly resolved 
doublet at 27-28 min. It would seem that the enzymes involved in the production of 
these peaks can also be modulated by green tea. However, it would seem that 
different enzymes are associated with IQ metabolism, since IQ did not have the same 
effect as green tea.
It was anticipated that there would be a number of sulphate and glucuronide 
conjugates (peaks) identified after the digestion, but only a few were detected. In the 
control group chromatogram (7.5) a number of glucuronide peaks and aglycones (X) 
were identified on day 14. The peak eluting at 22 min (chromatogram 7.6) remained 
the same with enzyme treatment and this could be either (a) a deconjuagted 
metabolite, (b) a component absorbed without metabolism, or (c) a conjugate that for 
some reason is not a substrate for the enzymes used. Two new peaks (chromatogram 
7.6) were observed eluting at 38 and 50 min on day 14. Since the peak eluted at 38 
min appears only in the presence of sulphatase it could be derived from a sulphate 
conjugate whereas that eluting at 50 min was produced in the absence of sulphatse 
and therefore most likely to be derived from the cleavage of a glucuronide. The 
absence of the peak when the mine was treated with sulphatase is consistent with this 
assignment. Several conjugates of many flavanols have previously been reported. 
Shaw and Griffiths (1980) reported that after ingestion of radioactive (+)-catechin the 
major metabolite identified was 3 0-methyl(+)-catechin glucuronide in the rat urine. 
However, Hackett et al (1986) also identified 3'-(9-metkyl(+)-catechin sulphate in the 
urine of rats. Rats fed with pure (-)epicatechin excreted 3 O-methyl(-)-epicatechin 
and 3-hydroxyphenylpropinoic acid glucuronide (Copeland, 1996).
A sulphate conjugate was detected on the day 7 and day 14 urine sample of IQ group 
chromatogram (7.7). Although this sulphate conjugate was detected in the IQ+GT 
group it was at much lower levels. The peak eluted at 38 min is identified as 
glucuronide as it was removed by both enzyme treatments. Snyderwine et a l, (1988)
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reported that a large proportion of IQ is excreted unchanged in the urine. The most 
extensive pathway of IQ deactivation involves ring-hydroxylation followed by 
conjugation with sulphuric acid or glucuronic acid. Direct conjugation to the 
exocyclic amine group also occurs yielding 7V-glucuronides or sulphamates (Kleman 
Overvik, 1995). The fate of the heterocyclic amines is highly dependent on the dose 
administered as well as on the levels and activities of the enzyme involved and thus 
the extent of enzyme induction may also be important.
A deconjugate IQ-associated sulphate eluting at 26 min (chromatogram 7.8) and IQ- 
associated glucuronide eluting at 38 min was observed in day 7 and day 14 urine 
samples. The green tea-associated peak eluting at 50 min is clearly evident on day 7 
and day 14 which is thought to be derived from a mixed conjugate. However, in 
contrast to the behaviour in chromatogram 7.6 it was formed in the absence of 
sulphatase suggesting that it is not derived (wholly) from a mixed conjugate. This is 
not impossible since the component X could well be transformed to a glucuronide, a 
sulphate and a mixed conjugate and a given aglycone could arise from the one source.
In summary the results of this chapter shows that the treatment with IQ resulted in 
extensive DNA damage and elevated plasma TEARS but did not produce ACT. No 
increase in urine TEARS were observed due to IQ treatment. Simultaneous 
consumption of green tea extract with IQ exposure produced a reduction in both urine 
and plasma TEARS in the GT and IQ+GT groups and DNA damage in the IQ+GT 
group. The HPLC analysis of urine showed that there were number of new peaks as 
well as an increase in the existing peaks with green tea consumption. However, the 
adaptation doublet observed on day 7 and day 14 were no longer evident with the IQ 
group possibly due to the enzymes involved in the metabolism of both flavanols and 
IQ. Both glucuronide and sulphate conjugates were detected as expected, since IQ 
deactivation involves ring-hydroxylation followed by conjugation with sulphuric and 
glucuronic acid. There are number of in vitro (Bu-Abbas et a l, 1994a & b; 
Edenharder et al., 1993; Stavric et a l, 1996; and Weisburger et a l, 1996) and in vivo 
(Alldrick et ah, 1989; and Quartley et al., 1994) studies in the literature which have 
demonstrated the anticarcinogenic effect of green tea extract, against dietary
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carcinogens. However, the effects on human still remains inconsistent and 
inconclusive (Katiyar et al., 1992).
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8.1 DISCUSSION
The aim of the present study was to investigate whether non-invasive or minimally- 
invasive biomarkers could be used to assess reliably people’s exposure to dietary or 
environmental toxicants and putative protective factors.
A range of potentially damaging chemicals (H2O2 , MNNG, dichloromethane, 
chloroform and caffeine) were tested using the Comet assay as reported in Chapter 3. 
Out of the five agents tested, four produced concentration-related DNA damage, 
namely H2 O2, MNNG, dichloromethane and chloroform, in the absence of hepatic S9 
mix from rats induced with Aroclor 1254. The most severe DNA damage was 
observed after an incubation of 90 min with dichloromethane and chloroform 
compared with 30 min for H2 O2 and MNNG. Of the discrete concentrations tested, 
the lowest levels producing significant increases in the DNA damage relative to the 
control were: H2O2 at 2.5 pM, MNNG at 0.68 pM, chloroform at 2.5* 10"2 pM and 
dichloromethane at 2.0><10"2 pM.
At present there is no formal or informal agreement as how best to present the results 
of the Comet assay or even on the best choice of parameter to measure DNA damage. 
This is further complicated by the use of many different Comet assays currently in 
practice and lack of automated systems to score the comets. Therefore comparing the 
results of different laboratories becomes an impossible task. Since the Comet assay 
has been developed in an empirical way, there is a limited of understanding of the 
molecular mechanism behind the assay. Therefore the Comet assay protocol needs 
standardisation in order for this assay to be recognised and widely used in different 
laboratories. In this thesis, the tail length was selected as the parameter to represent 
DNA damage. Although the “tail moment” (tail length x total DNA in the tail) is 
becoming more commonly used this parameter was unavailable during this study. 
Many workers agree that the tail length is a valid assay parameter (Ashby et al., 1995; 
Me Carthy et al. 1997). Use of the tail length also allows the work to relate directly to 
historical measures of DNA damage. Critical examination of the data obtained during 
this study established that the distribution of tail lengths is not statistically normal and 
should be presented visually using three-dimensional histograms (x-axis: tail length, y-
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axis: treatment levels, z-axis: % of cells having a particular tail length) and not as 
mean ± standard deviation. Therefore the Kmskall-Wallis test followed by the Mann- 
Whitney test were chosen as the appropriate statistical tests for this type of data. This 
has not always been the case with data published previously (Singh et a l, 1990; Tice 
et al., 1990; Olive et al., 1992; Kruszewski et al., 1994; Duthie et al., 1996 Fortini et 
al., 1996; and Kasamatsu et al., 1996) which may mean that some conclusions made 
previously are not valid statistically.
Early in the study it was realised that laboratory work would proceed much more 
convineniently if lymphocytes could be stored for some time without artefact 
occurring. Systematic investigation reported in Chapter 3 established that the two 
preferred ways of storing the isolated lymphocytes prior to electrophoresis without 
inducing further DNA damage were (a) overnight storage of isolated lymphocytes in a 
humidified box wrapped in foil at 4 C, or (b) storage of the lymphocytes in the lysing 
solution for up to 120 hours. Recently, Visvardis et al. (1997) showed that 
cryopreserved lymphocytes produced the same results as freshly isolated lymphocytes. 
In confirmation of my observations, Anderson et al. (1997) reported that the 
lymphocytes can be stored up to 4 days at 4 C or room temperature without any 
untoward effects, provided samples can be processed within this 4-day time frame and 
therefore it might not be necessary to cryopreserve samples at -196 C. Storage 
methods such as these spread the workload considerably and make it possible to store 
lymphocytes which can be used when required.
The genotoxicity observed with H2O2 are thought to be due to the hydroxyl radical 
formed from the Fenton reaction (Fairbaim and O’Neill, 1993). In agreement with the 
current study Slamenova et al. (1997) recently reported that the Comet assay detected 
DNA damage induced by MNNG at concentrations as low as 0.68 pM. MNNG, a 
monofunctional alkylating agent, induces DNA strand breaks under alkaline 
conditions mainly from, (a) endonuclease action and (b) from alkali-labile DNA 
adducts (Slamenova et al., 1997). Genereally the DNA strand breaks observed with 
various genotoxins are as a result of (a) direct scission of the DNA backbone by 
chemical or radical attack, (b) scission following the binding of intercalating agents,
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(c) endonuclease and topoisomerase action and (d) the action of DNA hydrolase from 
lysosomes. The chlorinating solvents, often used in decaffeination of tea and coffee 
(not commercially), produced extensive DNA damage even at concentrations as low 
as 2.5xlO'2 pM and 2.0%Iff2 pM for chloroform and dichloromethane respectively. 
Caffeine failed to produce DNA damage in lymphocytes in the presence and absence 
of Aroclor 1254-induced hepatic S9 mix activation system at concentrations up to 
5.1xl06 pM. Muller et al. (1996) showed that caffeine significantly inhibited DNA 
repair from the current study it is evident that the caffeine itself does not induce DNA 
damage in lymphocytes. Often such damage to DNA is rapidly repaired as they 
represent simple discontinuity in the DNA backbone. Failure to repair all such damage 
in the DNA produces a positive response in the Comet assay.
It is evident from the results presented in Chapter 4 that the maximum DNA- 
damaging effect of IQ was observed in vitro after 90 min of incubation. IQ, a 
heterocyclic aromatic amine (HAA), produced a clear concentration-related response 
in the presence of hepatic S9 mix from rats induced with Aroclor 1254. The IQ 
concentrations tested ranged between 2.52 and 5.04 mM. The current in vitro study 
was in agreement with the results of Anderson et al (1997) where it was reported 
that even in the absence of activation system, IQ (5.04 mM) showed significant DNA 
damage in the lymphocytes, implying that these cells are capable of activating IQ. The 
DNA repair inhibitor study did not produce results similar to those reported 
previously by Gedik et al. (1992). In the IQ study hepatic S9 mix from rats induced 
with caffeine did not produce significantly different results from those obtained with 
hepatic S9 mix from rats induced with Aroclor 1254. The reasons for this lack of 
difference could be due to: (1) only one time period was tested and (2) both S9 mixes 
would have produced a similar metabolic response at the tested time period and/or 
different isoenzymes present in these two S9 mixes may have produced similar IQ 
metabolism. In future studies these two S9 mixes should be compared for IQ 
metabolism using (1) various cell types and (2) different time periods.
The experiments reported in Chapter 4 demonstrated the modulatory effects of green 
tea and its components in vitro against IQ-induced DNA damage. All flavonoids
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tested with hepatic S9 mix from rats induced with Aroclor 1254 in the absence of IQ 
showed no form of DNA damage. Out of the five flavonoids tested, three completely 
inhibited IQ-induced DNA damage at the highest concentrations, namely EC, ECG 
and EGCG. Gallic acid and catechin at the highest level tested (1.81 \iM and 2.22 (iM 
respectively) did not inhibit IQ-induced DNA damage. Epicatechin was 2-fold more 
efficient in inhibiting IQ-induced DNA damage than its isomer catechin. The 
difference in potency between these two compounds may relate to their different 
stereochemistry which in turn may contribute to the varied antioxidant effect or 
receptor binding abilities. Although on visual examination the 2D structures of these 
compounds gives the impression that both compounds are planar, it is evident from 
Fig. 4.11 that these two structures are in fact very different and it is possible that 
steric factors might account for the different potencies. Although Bu-Abbas et al. 
(1997) reported that various fractions of green tea extract containing different levels 
of flavanols did not show any antimutagenic effect (Ames mutagenicity assay) against 
model mutagens, that study did not include the mutagen IQ. The present study using 
pure flavonoids showed that ECG, EGCG and EC are efficient inhibitors of IQ- 
induced genotoxicity in mammalian lymphocytes.
Hemaez et al. (1997) demonstrated that mutagenicity induced by direct acting 7V-OH- 
IQ was inhibited in the Ames mutagenicity assay using pure EGCG and EGC. In the 
present study, EGCG and EC completely inhibited IQ-induced DNA damage at 
1.34 pM and 2.22 pM respectively. Although, the levels of EGCG tested were lower 
than those found in rat plasma: 2.08 pM (Nakagawa and Miyazawa, 1997) they are 
higher than those reported in human plasma, EGCG: 0.09-0.5 pM and EC: 0.17- 
0.28 pM (Lee et a l, 1995) following consumption of 1.2 g of decaffeinated green tea 
in 200 ml of warm water (EGCG 88mg and EC 32 mg). Although these levels are 
much higher than those reported to be in the plasma they showed no form of DNA 
damage in the lymphocytes in the absence of IQ. However, it reasonable to suggest 
that some people may regularly consume more tea than the levels used by Lee et al. 
(1995) and in these cases it is therefore possible to encounter much higher plasma 
levels. At 0.33 pM EGCG a significant reduction in IQ-induced DNA damage was 
observed and this level of EGCG has been reported to be present in human plasma by
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Lee et a\. (1995). Although 0.22 (iM EC failed to protect against IQ-induced DNA 
damage 0.55 \iM EC produced a significant protection however, this level of EC is 
almost 2-fold higher than those reported to be present in the human plasma ( Lee et 
til., 1995). It is important to note that the IQ levels used in this in vitro study were 
rather high compared with what humans are exposed normally. It does suggest that 
with other defence mechanisms as well as repair abilities present in humans it is 
possible that these levels of EGCG and EC could be of some help to man.
The results presented in Chapter 5 demonstrated that, in the absence of an activation 
system, raw mushroom extract (RME) induced significant DNA damage in vitro at 
0.1 mg/ml unlike baked mushroom extract (BME) at the same concentration. The 
BME induced significant DNA damage only at the highest concentration tested (1 
mg/ml). However, the extent of DNA damage was greater at 1 mg/ml with BME 
relative to BME at the same concentration. The baking conditions used were similar 
to those used domestically. Although a weak genotoxic effect was detected with 
agaritine (1 mg/ml) relative to the control no concentration-dependent response was 
produced. Significant DNA damage was observed with 3.21 mM (0.5 mg/ml) 
AHMPH and 0.33 mM (0.044 mg/ml) HMBD, indicating that HMBD is genotoxic 
even at low concentrations. Although HMBD occurs in minute amounts in Agaricus 
bisporus it is known to be the most potent carcinogen (Toth, 1995). HMBD is 
thought to enter the cell to break the intracellular double stranded DNA into smaller 
fragments. The active species causing DNA breaking has been suggested to be the 
carbon-centred 4-(hydroxymethyl)phenyl radical generated by removal of molecular 
nitrogen (Hiramoto et a l, 1995). Ross et al. (1982a) reported that agaritine is present 
at 0.2-1.2 mg/g in fresh mushroom and 20 (ig/g (wet weight) of diazonium ion is 
present under acidic conditions which mimic closely the conditions in the human 
stomach. In Switzerland about 4g mushrooms are consumed on average per person 
per day, corresponding to an agaritine exposure of 0.6 mg/person/day (~ 10 pg/kg 
body weight/day). An average consumption of 4 g/day of mushroom would be 
expected to contribute a lifetime cumulative cancer risk of about two cases per 
100,000 lives (Shephard et a l, 1995). Although there is evidence to suggest in vitro 
DNA damage by mushroom extract and some of its components it is rather difficult to
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extrapolate these in vitro results to an in vivo situation. However, it will be interesting 
to test in future studies if the Comet assay is capable of detecting low levels of DNA 
damage that might infact be associated with routine mushroom consumption and if 
green tea has any protective effect against such mushroom induced DNA damage.
OTA, a mycotoxin, produced a concentration-dependent response in the absence of 
an activation system using human lymphocytes in vitro. The range of concentrations 
tested was between 1.24 and 2.48 mM. At 1.24 mM OTA, no significant DNA 
damage was detected in the presence of various activation systems (Aroclor 1254- 
induced hepatic S9 mix and microsomes; rat kidney homogenate and microsomes). At 
the same concentration in the absence of an activation system significant DNA 
damage was observed relative to the control. The apparent lack of genotoxicity in the 
presence of an activation system could be due to: (a) the direct-acting parent 
compound being converted into inactive or only weakly active metabolite, (b) a 
product inhibition of cytochrome P450 thus preventing any genotoxic response, (c) 
the Comet assay was not sensitive enough to detect the effects of any residual or 
metabolised OTA, or (d) the human lymphocytes may not be sensitive to OTA 
metabolites unlike the cells from the target organ (kidney) of OTA. It will be certainly 
of interest to investigate OTA-induced DNA damage in kidney cells using the Comet 
assay. It has been reported that OTA and/or its metabofite(s) produce electrophilic 
radicals capable of forming adducts with nucleophilic groups (N-7 in guanine) in 
DNA, and that such adducts cause DNA strand breaks (Kumari and Sinha, 1994 and 
references therein). The tolerable daily dose of OTA has been reported to be between 
0.2 and 16 ng/kg b.wt (WHO, 1991). Therefore it is evident that the tested 
concentrations are much greater than those likely to be experienced by humans during 
a lifetime spent in a well regulated society.
The above in vitro studies of various dietary components detected some genotoxicity 
using human lymphocytes in the Comet assay. An attempt to compare the genotoxic 
potency of these various tested dietary components is presented in Table 8.1. 
However, it is important to emphasise that in this comparison it has been assumed that 
the extent of damage in the controls is similar in all the experiments undertaken. It has
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been shown at times this was not the case and the control DNA damage was 
dependent on donor age, level of physical activity, cell cycle status, oxidative stress, 
antioxidant status and smoking habits (De Meo et aL, 1991).
Table 8.1 Lists the various dietary components tested and the extent of DNA damage 
detected
Test compound Test concentration 
(mg/ml)
Figure number Maximum tail 
length observed 
(qm)
Control - - 31-40
Agaritine 1 (3.66 qM) 5.3 61-70
AHMPH 1 (6.41 qM) 5.4 71-80
HMBD 0.1 (0.74 qM) 5.5 71-80
RME 1 5.1 101-110
BME 1 5.2 121-130
OTA 1 (2.48 mM) 5.6 141-150
IQ 1 (5.04 mM) 4.2 181-190
Table 8.1 demonstrates that IQ is the most potent genotoxin on a mass basis followed 
by OTA. In bacterial assay only ng amounts of most HAA are required to induce a 
mutagenic response in the presence of an activation system Although the HAA are 
potent bacterial mutagens, they exhibit only weak genotoxic activities in mammalian 
mutagenicity tests under in vitro conditions. Both RME and BME showed moderate 
level of genotoxicity, whereas agaritine and AHMPH showed rather weak genotoxic 
potential. However, HMBD even at low concentrations showed genotoxicity. One 
cannot predict if the effect of HMBD will be similar to that of IQ at 1 mg/ml. HAA 
formed from cooking and trace amounts of mycotoxin-contaminated cereal grains and 
nuts are much more potent carcinogens than agaritine (TD5o in the mg range), but the 
daily burden is also much lower (qg rather than mg range). The cancer risk posed by 
the consumption of these unavoidable carcinogens was estimated as: HAA 40 cancer 
deaths per IxlO6 lives and mycotoxin 20 cancer deaths per IxlO6 lives (Shephard et 
al, 1995). Theoretically one could expect about 20 cancer deaths per IxlO6 lives
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ah, 1995). Theoretically one could expect about 20 cancer deaths per IxlO6 lives 
from mushroom consumption which is calculated based solely on the genotoxic 
properties of mushrooms (Shephard et al., 1995). The risk estimate for mushroom 
consumption lies in the same range as these other dietary carcinogens, considered 
Unavoidable" in the diet. However, the major difference, of course is that agaritine is 
found solely in mushrooms, which are not a fundamental part of the diet, whereas 
these other compounds are widely distributed in staple foods and cannot easily be 
removed or avoided.
The objective of the in vivo studies (Chapters 6 and 7) was to investigate the 
modulatory effects of green tea on IQ genotoxicity using various biomarkers (Fig. 
8.1). Animal models play an important role as in vivo test systems in the identification 
of exogenous and/or endogenous agents playing a role in enhancement or prevention 
of various stages of carcinogenesis. Although the in vivo studies employed fairly high 
doses of IQ, these doses are much lower than those often used in experiments 
reported in the literature.
V
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V
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growth in the 
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Detoxication Reactive Intermediates
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Genotoxicity
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i
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Fig. 8.1 Flow chart summarising the various tests used in this study to assess IQ 
carcinogenicity and modulatory effects of green tea in vivo.
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The TEA test showed that green tea and DGT reduced the baseline urinary TEARS 
values. However, urinary TEARS values did not significantly increase in the IQ 
(1 mg/kg b.wt) treated group compared with the untreated group. The group which 
was exposed to IQ and given green tea showed statistically significant reduction in the 
urinary TEARS values relative to the IQ-treated group. Therefore it is evident that 
green tea is acting as an antioxidant reducing in vivo lipid peroxidation. Among the 
antioxidative mechanisms worthy of considerations are: (i) stimulation of glutathione- 
metabolising enzymes, (ii) inhibition of radical-generating enzymes, (in) chelation of 
endogenous redox-active metal ions, e.g. copper, and (iv) scavenging and/or 
quenching of various radicals. However, DGT does not show the same antioxidant 
potency as green tea.
The Comet assay demonstrated that animals gavaged daily for 2 weeks with IQ at 1 
mg/kg b.wt induced significant DNA damage in the IQ-treated group and that the 
consumption of green tea reduced the IQ-induced DNA damage. The DNA damage 
observed in the lymphocytes could be due to (a) the presence of an activation system 
in the lymphocytes which is capable of activating IQ (as shown in the in vitro study), 
or (b) that IQ metabohte(s) may have a half life sufficient to reach these cells fiom the 
liver where they were generated. Hayatsu et al. (1992) reported that the /V-hydroxy 
derivatives of HAA decompose in aqueous media by an oxidative process, generating 
active oxygen species, presumably hydroxyl radicals, and that these active oxygen 
species can cause DNA single strand breaks either in vitro or in vivo. However, the 
extent of IQ-induced DNA damage observed in vivo was much less than in vitro.
The results of HPLC profiling of urine showed that large amounts of metabolites were 
excreted on day 7 compared with day 1 and 14 (after correction for urine volume). 
This increase in excretion could be due to exposure to both green tea and IQ. 
Metabolites excreted due to either green tea/DGT consumption or IQ exposure were 
detected in the corresponding groups. None of the peaks specific to the IQ group 
were detected in the IQ+GT group but metabolites specific to the green tea group 
were detected. The chromatogram of the IQ+DGT group showed that one peak was 
in common with the IQ group and a new peak was also detected.
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The results presented in Chapter 7 for the definitive in vivo study showed that by 
allowing the animals to adjust to the new diet (CIO) produced a linear weight gain 
throughout the test period. Although a control diet was used in these studies care 
should be taken in extrapolating the results in a test system to a free living situation. 
The treatment did not affect the animals’ food intake or weight gain.
The Comet assay was able to detect DNA damage attributed to IQ treatment. The 
plasma TEARS detected lipid oxidation associated with IQ consumption using both 
the HPLC and colorimetric method unlike the urine TEARS values (which failed to 
show a treatment related response). The visual examination of HPLC profiles of urine 
detected metabolites associated with IQ consumption, but they were not identified. 
The enzyme digestion experiment demonstrated mainly sulphate conjugates on days 7 
and 14 of IQ consumption.
By comparing IQ treatment data with those for the IQ+GT group it is evident that the 
Comet assay and the TEARS test (urine and plasma) were both able to show that 
green tea at the doses used was able to reduce the damage associated with IQ.
Green tea alone did not produce any evidence of damage, indeed reduced the baseline 
values obtained with the Comet and TEARS assays. Green tea-associated metabolites 
were detected by HPLC and should in principal be able to serve as a monitor for the 
intake of these substances what ever their origin (green tea or other dietary 
components).
It is evident from these in vivo studies that a battery of biomarkers (non-invasive or 
minimaUy-invasive) used showed modulatory effects of green tea on IQ damage. A 
battery of markers selected to address different aspects of risk assessment provide the 
most useful information. A biomarker of exposure indicates the exposure or dose 
(recent, cumulative, internal, target site, etc.) of parent compound (IQ), metabolite, 
reactive intermediate or adduct. The biomarker of toxic effect indicates the biological 
response either as an indirect measure of exposure or as a measure of a lexicologically
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relevant biological reaction. At the same time both biomarkers of effect and exposure 
can be complementary.
Human exposure to HAA is estimated at about 80 ng/kg/day (or 2 mg/kg/lifetime) 
compared with TD5o in rats of 0.7 mg/kg/day (Rowland and Anderson, 1989 and 
references therein). Such calculations reveal differences of several fold between 
human and animal exposure. The two in vivo studies conducted in this thesis were 
carried out administering 1 and 5 mg/kg/body weight of IQ on a daily basis for 14 
days. The doses of IQ used in the present study were several fold higher than that to 
which humans are exposed over a lifetime. These are the shortcomings of studies 
involving short-term assays.
Unfortunately no data are available in the literature to indicate the daily exposure due 
solely to IQ. The HAA amounts probably vary greatly from day-to-day and among 
individuals based on dietary practices over a lifetime. Generally it has been shown that 
the most abundant HAA is PhIP and IQ is the second most abundant HAA (Bamat et 
al., 1996). Therefore the daily intake of IQ will be even less than the suggested 
estimate of 80 ng/kg/day. Although the treatment levels were higher in the current in 
vivo study by many fold in countries where charred foods are consumed on a regular 
basis these mutagens do impose some health risk (cancer). At present, all that can be 
said is that exposure to HAA should be minimised. In the current study pure IQ was 
tested for genotoxicity rather than complete food material such as charred meat. Often 
problems are encountered using food materials because: (a) the genotoxins are 
present in small amounts, (b) the complex macromolecular constituents of foods 
render them unsuitable for incorporating directly in in vivo systems, (c) presence of 
cytotoxic agents, anti-genotoxins or co-genotoxins in the food which can influence 
the outcome of the assay, (d) the food matrix reduces the bioavailability and (e) the 
presence of other nutrients which may interfere with the end point of the assay. To 
overcome these problems good analytical methods to extract these compounds are 
required.
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On average the fluid intake of a 100 g animal ranged between 10-15 ml (10-15 % of 
body weight). The brew strength of green tea used was 2.5 % w/v which is 
representative of human consumption. The recommended fluid intake for a 70 kg man
is 2.5-3 litres (Passmore and Eastwood, 1986), therefore drinking green tea______ ;
would certainly be of some benefit to humans. The 
estimated flavonoid intake is Ig per day (Kuhnau, 1976), which could be achieved by 
green tea consumption or from wide range of vegetables and could play a crucial role 
in protecting against various dietary carcinogens.
This study showed that IQ induced genotoxicity and initiated lipid peroxidation in rats 
at rather high dose levels when compared to human lifetime exposure. Although IQ 
consumption is not an immediate threat to human health it is evident that simultaneous 
consumption of green tea and black tea (Bu-Abbas, 1998) could reduce this risk. It is 
important to bear in mind that there may be differences in IQ and green tea 
metabolism between rats and humans as well as among males and females (Kleman 
and Overvik 1993) therefore these results needs to be extrapolated with care. Humans 
are not normally exposed solely to IQ (or even HAA) or to green tea as in this in vivo 
study. Therefore other factors present in a normal diet both deleterious and beneficial 
may either exacerbate or reduce the risk respectively. The diversity of diets consumed 
by humans, and varied environmental factors that individuals are exposed to makes 
the concept of metabolism highly complex. Therefore extrapolating controlled dietary 
studies to the human situation should be interpreted with care. This study clearly 
showed the use of various biomarkers to detect the potential risk to humans from 
dietary carcinogens. The IQ and green tea doses administered in the current study 
allowed the various biomarkers used to detect treatment-related response (except 
aberrant crypt foci assay) and at the same time validated the techniques.
8.2 CONCLUSION
It can be concluded from this study that the Comet assay (using lymphocytes), TEA 
test (using plasma and urine) and the HPLC urinary profiles were non-invasive or 
minimally-invasive biomarkers which could be reliably used in vivo to assess exposure
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to various dietary carcinogens and putative protective factors. These methods could 
be fiirther developed and validated as suggested in the future studies to obtain better 
and more reliable results. However, the aberrant crypt foci assay (using colon) was 
rather invasive and was not a reliable biomarker to detect exposure to low levels of 
dietary carcinogens.
8.3 SUGGESTIONS FOR FUTURE STUDIES
• It is evident from this study that green tea significantly reduces IQ-induced 
genotoxicity therefore a repeat of this in vivo study with a larger number of 
animals and at lower dose levels of IQ would allow one to obtain results which are 
statistically reliable as well as to human exposure. Other variables such as gender, 
species and age may also affect the metabolism of green tea and IQ which also 
needs to be investigated.
• The Comet assay validated here could be used to assess DNA damage in a wider 
range of cells, e.g. cells sampled from bladder, bone marrow, brain, liver, lungs, 
ovaries, spleen and testis. The Comet assay could be further developed to obtain 
more information such as addition* of endonuclease ID which is specific for 
oxidative base damage.
• The EU study currently underway (Food Safety Group, University of Surrey), 
involving animal and volunteer studies of complex phenols could use the 
biomarker methods developed in this project to observe the human relevance of 
various phenols.
• HPLC profiling of urine needs fiirther work in isolating and identifying the 
metabolites of green tea as well as conducting further work using the spiking 
method. This method would allow one to identify the differences more easily.
• Currently more work is underway to study the antimutagenicity effect of black tea 
(commonly consumed in Western society) in the Food Safety Group of University 
of Surrey.
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APPENDIX 1
COMET AREA
The number of pixels included in the whole comet multiplied by the calibration factor.
Comet tail
Comet head
COMET LENGTH AND WIDTH
The length is the distance from the leading edge of the comet to the tip of the comet 
tail in the direction of the applied field.
Comet width
Comet length
TOTAL DNA
The total intensity of the whole comet is the sum of the intensity of all the pixels in the 
comet area.
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LEADING EDGE MOMENT (LEM)
Is the product of the total intensity (total DNA) and the distance between the leading 
of the comet and the centre of optical mass.
Centre of optical mass
Distance from leading edge to centre of optical mass
CENTRE OF HEAD MOMENT
The distance between the centre of the comet head and the centre of optical mass 
multiplied by the total intensity.
Centre of optical mass
Centre of the comet head
Distance between the centre of the comet head 
to centre of optical mass
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APPENDIX 2
C 10 DIET
Table 1 CIO diet mix
Ingrdient Weight (g/kg diet)
Casein 100
Maize starch 652
Sucrose 100
Maize oil 50
oc-Celhdose 50
Mineral mix 35
Vitamin mix 8.636
Rovimix A500 0.024
Choline chloride 1.34
dl-Methionine 3
Table 2 Mineral mix
Ingredient Weight (g/kg mix)
Potassium citrate.E^O 290.1
Magnesium sulphate. 7 H20 139.2
Sodium chloride 37.3
Calcium carbonate 241.6
Calcium tetrahydrogen diorthophosphate. 275.9
h 2o
Sodium metasilicate. 5 H20 5.3
Trace mix 10.6
Table 3 Trace mix__________ ___________________________
Ingredient__________________  Weight (g/100g mix)
Ferric citrate. 3 H20 57.23
Manganous carbonate 28.54
Zinc carbonate.3 H20 5.79
Niclde sulphate 3.71
Cupric carbonate. H20 2.62
Stannic chloride. 5H20 0.78
Sodium fluoride 0.61
Ammonium metavanadate 0.30
Chromic chloride. 6 H20 0.26
Sodium selenite 0.09
Potassium iodide 0.05
Lomum mi
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APPENDIX 3
Control
group
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Animal 1 93.5 100.4 102.6 107.2 108.3 109.7 113.8
Animal 2 94.4 101.0 102.0 104.0 103.4 105.0 107.4
Animal 3 98.7 102.6 105.1 107.7 106.2 111.4 114.7
Animal 4 102.8 106.3 108.1 111.6 110.0 111.0 113.4
Animal 5 95.7 104.7 103.2 105.7 105.3 104.7 106.9
Animal 6 97.0 103.0 104.2 107.2 106.6 108.3 111.2
Mean 97.0 103.0 104.2 107.2 106.6 108.3 111.2
+SEM 1.54 1.01 1.01 1.16 1.05 1.33 1.54
Green 
tea group
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Animal 1 113.6 113.6 110.2 113.0 116.7 123.7 126.2
Animal 2 100.0 100.0 100.8 100.9 102.8 110.7 110.9
Animal 3 110.4 110.4 106.2 107.2 110.7 116.3 114.0
Animal 4 105.0 105.0 106.8 104.4 101.5 108.6 109.6
Animal 5 107.1 107.1 104.3 103.5 104.5 108.5 109.8
Animal 6 107.7 107.7 110.2 109.8 113.9 125.4 128.5
Mean 107.3 107.3 106.4 106.4 108.3 115.5 116.5
+SEM 1.89 1.47 1.81 2.57 2.67 3.09 3.50
IQ tea 
group
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Animal 1 97.7 102.1 105.2 108.8 117.7 112.1 114.4
Animal 2 105.7 106.7 115.1 115.3 121.1 122.3 126.3
Animal 3 116.1 115.1 118.2 122.2 115.5 114.1 115.1
Animal 4 104.1 107.1 111.2 117.7 122.6 118.2 121.3
Animal 5 98.3 103.2 105.1 117.5 118.6 118.3 116.1
Animal 6 116.3 118.3 119.5 123.3 112.3 122.2 117.6
Mean 106.3 108.7 112.3 117.4 117.8 117.9 118.4
+SEM 3.36 2.68 2.57 2.13 1.52 1.69 1.86
IQ+GT 
tea group
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Animal 1 100.7 102.2 104.4 107.7 112.0 116.7 118.7
Animal 2 110.1 112.2 116.1 123.1 126.0 128.3 122.0
Animal 3 105.4 104.1 105.1 109.9 115.3 119.9 125.3
Animal 4 102.1 108.1 111.3 113.8 119.3 123.5 123.5
Animal 5 108.8 103.2 106.3 113.8 117.2 114.5 126.1
Animal 6 102.2 102.5 107.8 107.8 119.3 122.9 126.5
Mean 104.8 105.3 108. 112.6 118.1 120.9 123.6
+SEM 1.58 1.61 1.82 2.36 1.92 2.04 1.21
' "university o f  s u r r e y  l i b r a r y  _
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